Wirkungsweise ionischer Flüssigkeiten auf Metall/Träger-Katalysatoren für die Hydrierung von Citral by Arras, Jürgen
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Hydrogenation of Citral using Ionic Liquids as Bulk 
Solvents or as Supported Ionic Liquid Layers 
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Abstract 
In recent years, the use of ionic liquids (ILs) as alternative solvents is a field of growing 
interest in academic research and industry, respectively. One of the most outstanding 
properties of ILs, which consists solely of ions, is their non-volatility. By varying the ions, 
different properties (e. g. polarity, solubility, thermal stability, etc.) are adjustable and 
because of that reason they are designated as “designer solvents”. In the field of 
heterogeneous catalysis – especially selective hydrogenations – ILs as solvents are rather 
unknown. The question is: Do they have any influence on activity and/or selectivity in a 
catalyzed process? For this reason, we investigate the hydrogenation of the ,-unsaturated 
aldehyde citral (Fig. 1) with its three functionalities (C=O and two C=C bonds) with ILs as 
bulk solvent and as supported ionic liquid layers. We chose common group VIII metals, i. e. 
ruthenium and palladium, which are well known to be active in this kind of reaction. 
Preliminary results showed a decrease in conversion, when the IL was used as a bulk 
solvent in contrast to organic solvents,[1] while product distribution was nearly unaffected. 
Therefore, in this study we used commercial Ru and Pd catalysts on oxide supports as well 
as self-prepared Ru- and Pd-SCILL-catalysts (solid catalyst with ionic liquid layer) with 
different ILs (e. g. [BMIM][NTf2], [BMIM][PF6]) and examined the influence of the IL coated 
catalysts on activity and selectivity in the mentioned hydrogenation. 
 
 
 
 
 
Introduction 
The ,-unsaturated aldehyde citral is an important intermediate for the production of 
perfumes, fragrances or the vitamines A and E, respectively. Its regioselective, 
heterogeneously catalysed hydrogenation to citronellal, geraniol/nerol or citronellol is also in 
focus of academical research to study different influences on activity and selectivity, e. g. 
choice of metal,[1] support material[2] and/or organic solvent[3] (Fig. 1). 
  
Fig. 1: Simplified reaction network of the citral hydrogenation. 
Ionic liquids are low-melting salts with very low vapour pressure, several properties like 
polarity or solubility of gases can be controlled by the right choice of ions (“designer 
solvents”).[4] 
Recently, catalytic applications have been realized, where ionic liquids were mostly 
introduced as bulk solvent for organic transformations.[4] Moreover, their non-volatility offers 
novel opportunities either to immobilize catalytic active layer on solid supports (SILP 
technology)[5,6] or to coat conventional metal support catalysts with ionic liquids (SCILL 
technology).[7] For the latter one, the yield towards the primary product cyclooctene could be 
increased by using Ni-containing SCILL catalysts in the selective hydrogenation of 
cyclooctadiene. 
Citral and cinnamaldehyde hydrogenation in presence of ionic liquids was investigated first 
by Hardacre et al.,[8] who compared Pd on activated carbon in different ionic liquids and 
organic solvents. It was concluded that the use of ionic liquids as bulk solvent leads to higher 
selectivities towards citronellal while the reaction rate was slower, whereas Claus et al.[1] 
could not observe such an effect in the Ni and Pd catalysed citral hydrogenation. Supported 
ionic liquid catalysts with Pd were also studied in the citral hydrogenation,[9] as support 
material activated carbon cloth was used. Depending on the chosen ionic liquid, citronellal 
(favoured by [BMIM][PF6]) or 3,7-dimethyloctanal (favoured by [BMIM][BF4]) were the main 
products. The reason for this change in selectivity was explained by different hydrogen 
solubilities. However, the influence of ionic liquids on catalyst activity and selectivity in the 
hydrogenation of citral is yet not fully understood. 
Aim of this study was to investigate the influence of ionic liquids on the intramolecular 
selectivity of the citral hydrogenation with solid catalysts coated with ionic liquids. Several 
reaction conditions were varied, which can affect the selectivity. With Ru as active metal, the 
selectivity towards the unsaturated alcohols geraniol and nerol, which are thermodynamically 
unfavoured, also occurs. 
 
Preparation and characterization of the catalysts 
Beside commercial sources (Pd/C, Ru/Al2O3), Pd/SiO2 was prepared by an incipient wetness 
technique using Palladium(II)acetate as metal precursor dissolved in acetone and SiO2 as 
support material. The catalysts were reduced in a flow of H2 at 100 °C. 
In a second step, SCILL-catalysts were also obtained by an incipient wetness technique. The 
dry catalyst was treated with different ionic liquids (Merck) dissolved in acetone. The solid 
was then dried at 70 °C to ensure the complete removal of the solvent. The structures of the 
utilized ionic liquids are shown in Fig. 2. 
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Me Bu [PF6]NF3CO2S SO2CF3
[BMPL][NTf2]                              [BMIM][PF6]                             [BMIM][NTf2]
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Fig. 2: Structures of utilized ionic liquids. 
To determine surface properties (surface area, pore volume), the prepared catalysts were 
characterized by nitrogen physisorption (Quantachrome Autosorb at 77 K nitrogen). As 
expected, the BET surface area as well as the integrative pore volume decreased by treating 
the catalyst with ionic liquid. It can be concluded, that the ionic liquid deposits as a layer on 
the support material of the catalyst. Furthermore, coverage of the nanoparticulate metal is 
assumed. 
 
Citral hydrogenation with SCILL- and solid catalysts: Experimental setup 
In general, the hydrogenation experiments were carried out on a stainless steel batch 
autoclave (300 mL, Parr Instruments) with peripheral equipment controlling temperature, and 
hydrogen pressure.  
In a typical experiment, a suspension of the catalyst and citral (dissolved either in ionic liquid 
or n-hexane) was degassed with argon for several times and then heated up to the desired 
reaction temperature. The reaction mixture was then pressurized with hydrogen to initiate the 
reaction. Samples taken during reaction were analyzed by capillary gas chromatography 
(HP 6890) using a DB-WAX column (30 m). Conversion level of citral and selectivities of the 
reaction products were obtained by quantifying the response times; n-tetradecane was used 
as internal standard. 
 
 Pd-catalysed citral hydrogenation with IL as bulk solvent: Results and discussion 
In a first approach, the influence of the ionic liquid as bulk solvent was investigated. The 
hydrogenation with Pd/C was performed in n-hexane, [BMIM][NTf2] or [BMIM][PF6] at 50 °C 
under 10 bar hydrogen.  
After 260 min reaction, citral was converted quantitatively if n-hexane was used. With ILs as 
solvents, the citral conversion dropped (X = 70…75 %) due to lower hydrogen solubility. The 
main product is citronellal whether the reaction is performed in an IL or in n-hexane. 
 
Pd-catalysed citral hydrogenation with SCILL-catalysts: Results and discussion 
The influence of the ionic liquid was determined by several reactions with different Pd/SiO2-
SCILL catalysts. In addition, a reference experiment with IL-free catalyst was also performed. 
In Fig. 3, the selectivity of the main product citronellal is plotted against the conversion level 
for both SCILL- and solid catalysts. 
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Fig. 3: Selectivity vs. conversion for citral hydrogenation with SCILL-Pd/SiO2 and Pd/SiO2 in  
n-hexane as bulk solvent, experimental conditions: 50 °C, 20 bar H2, tR = 240 min, 
ccitral = 1.1 mol/L, ncitral/nPd = const., mcat = 0.25 g, wIL = 17 %, VR = 105 mL, 
n = 1200 rpm. 
In contrast to the experiments with ionic liquids as bulk solvents, the activity of the SCILL 
catalysts was in the same range as for the IL-free catalyst, i. e. a mass transport limitation 
does not occur due to the thin IL layer. It must be noted that the citral/Pd ratio was held 
constant through all experiments. 
For all SCILL catalysts the selectivity towards citronellal was higher than in the reference 
experiment with the IL-free catalyst, the use of [BMPL][NTf2] shows a maximum selectivity of 
62 %. 
 
Further experiments were carried out to determine the influence of the IL loading. Therefore, 
the loading of [BMIM][NTf2] on Pd/SiO2 was varied between 25 and 54 % (Fig. 4). The 
reaction time was extended (tR = 360 min) to obtain full citral conversion, but other 
experimental conditions were kept constant.  
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Fig. 4: Yield vs. time for citral hydrogenation with [BMIM][NTf2]-Pd/SiO2 and Pd/SiO2 in 
n-hexane as bulk solvent, experimental conditions: 50 °C, 20 bar H2, tR = 360 min, 
ccitral = 1.1 mol/L, ncitral/nPd = const., mcat = 0.25 g, VR = 105 mL, n = 1200 rpm. 
By using SCILL catalysts the yield towards citronellal could be improved with a maximum of 
55 %, which supports the findings of the ionic liquid variation above (Fig. 3). At higher 
conversion levels, higher amounts of the consecutive product dihydrocitronellal were 
observed, which diminishes the citronellal yield. 
Despite of increasing the IL loading to a maximum of 54 %, the citronellal yield was not 
improved and remained constant between 50 and 55 %.  
 
Ru-catalysed citral hydrogenation with SCILL-catalysts: Results and discussion 
In a similar approach, the ionic liquids were varied to determine their influence on the 
conversion level and selectivity in the Ru/Al2O3 catalysed citral hydrogenation. Ruthenium is 
less active than Pd, so the reaction was performed under different conditions (Tab. 1).  
Tab. 1 Citral hydrogenation with Ru/Al2O3-SCILL, 140 °C, 50 bar H2, mcat = 0.75 g, 
tR = 360 min, ccitral = 0.3 mol/L, VR = 105 mL, n = 1200 rpm. 
IL Xcitral [%]a Scitronellal [%]b Sgeraniol/nerol [%]b Scitronellol [%]b 
– 95 43 31 12 
[BMIM][NTf2]  71 36 43 11 
[BMPL][NTf2]  85 39 39 11 
a
 conversion after 360 min, b selectivities relate to 50 % conversion 
 The citral conversion was slower if SCILL-catalysts were used. This effect could be ascribed 
to the relatively low pore volume (~ 0.4 mL/g) of the support, which was also lowered if the 
catalyst was treated with ionic liquid.  
At 50 % conversion, the selectivity towards the unsaturated alcohols was slightly increased, 
whereas citronellal, the other primary product, was less produced. In this regard, ionic liquids 
are able to manipulate the selectivity in parallel reactions.  
 
Summary 
We could demonstrate that using ionic liquids as bulk solvents diminishes the reaction rate 
due to lower hydrogen solubility, while product distribution was unaffected compared to 
common solvents like n-hexane or isopropanole. 
Circumventing the mass transport limitation leads to solid catalysts with thin ionic liquid 
layers, this was studied on Pd/SiO2 as model catalyst. The selectivity towards citronellal 
could be enhanced in the citral hydrogenation, if Pd-SCILL catalysts were used. 
With Ru as active metal, even with SCILL catalysts, mass transport limitation was observed 
due to low pore volume and BET surface. Nevertheless, the selectivity towards geraniol and 
nerol could be improved (37 % to 47 %). 
To conclude, ionic liquids are able to manipulate the product distribution in the hydrogenation 
of citral. 
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Conventional supported heterogeneous palladium catalysts in
combination with a dicyanamide based ionic liquid are highly
active with excellent selectivity in enabling the one-pot synthesis
of citronellal through citral hydrogenation.
Heterogeneously catalysed selective hydrogenations play an
evident role in the production of fine chemicals on a multi-ton
scale.1 The determination of factors influencing activity and
selectivity of solid catalysts is still challenging, whereby a,b-
unsaturated aldehydes, e.g. acrolein, crotonaldehyde or citral,
are widely used as model substrates.2
Citral—nowadays a valuable intermediate for the production
of vitamins and perfumes—consists of three unsaturated bonds
(a carbonyl group, and a conjugated as well as an isolated double
bond) and its hydrogenation on supported palladium catalysts
results often in a consecutive reaction network (Scheme 1). On
the industrial scale, citronellal is produced through the hydro-
genation of citral over palladium/carbon catalysts in a contin-
uous slurry-phase, with methanol as the solvent and
trimethylamine as an additive.3
Over the past decade, the application of ionic liquids (ILs) in
catalysis has been of growing interest due to their unique
properties.4 Principally, in catalysed reactions, ILs were widely
used as solvents or as stabilising agents for transition metal
complexes.4 Due to their non-volatility, supported ionic liquid
phase catalysis (SILPC) was established for olefin hydroformy-
lation,5 methanol carbonylation,6 and olefin hydrogenation.7
In the selective hydrogenation of citral on supported metal
catalysts, ILs were applied at first as bulk organic solvents
with good selectivities towards citronellal.8 Compared to
organic solvents such as toluene, the reaction rate was lower
in [EMIM][NTf2]z and quantitative yields of citronellal were
obtained. The heterogeneous Pd/C catalyst could be reused
several times, but product extraction is still necessary and
restricts the utilisation of ILs on a larger scale.
On applying monometallic Pd/Al2O3 or bimetallic Ni–
Sn/Al2O3 catalysts in either n-hexane and [BMIM][NTf2], a
modification of the selectivity pattern could not be observed.9
Detailed studies concerning solid ionic liquid coated cata-
lysts were published recently,10 where fluorous based ILs
served to stabilise palladium nanoparticles on an activated
carbon cloth (ACC). The structure of the applied Pd/ACC
catalyst is comparable to the SCILL (solid catalyst with ionic
liquid layer) system, which was used in the nickel catalysed
hydrogenation of cyclooctadiene. The IL-coated catalysts
revealed higher selectivities towards the intermediate cyclo-
octene than under IL-free conditions.11
The aim of this study was to investigate systematically the
role of ionic liquids in the selective hydrogenation of citral,
whereby conventional heterogeneous palladium catalysts were
applied. Among commonly used ILs, we introduce—for the
first time in selective hydrogenations—a hydrophilic, low-
viscosity ionic liquid based on the dicyanamide anion ([DCA]
= [N(CN)2]
),12 which allows the selective production of
citronellal in quantitative yields. Furthermore, we wish to
present that ionic liquids, even in small amounts, could affect
the selectivity pattern for this kind of reaction.
Hydrogenation experiments were performed using different
catalyst types: IL-free catalyst, IL coated catalyst or IL as
additive. The catalysts were characterised by ICP-OES, TEM
and nitrogen physisorption.z
Physisorption characteristics for Pd/SiO2 revealed a de-
crease in pore volume and BET surface area after treating
with ionic liquid (Table S1w). Post-reaction BET surface
analysis showed that the pore texture remained unaltered;
the catalysts can be assumed as mechanically stable.
Scheme 1 Reaction network of palladium catalysed citral
hydrogenation.
Scheme 2 Supposed structure of an IL coated solid catalyst.
Technische Universita¨t Darmstadt, Ernst-Berl-Institut, Technische
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w Electronic supplementary information (ESI) available: TEM images,
physisorption data and selectivity vs. conversion plots (recycling,
DHC and other products, respectively). See DOI: 10.1039/b810291k
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An exemplified structure for this kind of catalyst is given in
Scheme 2, whereby the ionic liquid covers the catalytically
active metallic nanoparticles.
In a first approach, the influence of ILs was investigated
under different reaction modes with a conventional Pd/C
(10 wt%, Aldrich) catalyst (Table 1). Under IL-free conditions,
a product mixture was obtained containing principally citro-
nellal (CAL) and dihydrocitronellal (DHC). Generally, in the
presence of [BMIM][DCA], citronellal was the exclusive pro-
duct (S4 99%), even at high conversion levels with IL coated
catalyst. A high citral conversion with excellent selectivity was
revealed in a reference experiment with [BMIM][DCA] as bulk
solvent.
Validating the selectivity enhancement towards the primary
product, citronellal was used as starting material and the
hydrogenation was performed under similar conditions.
Hereby, the course of hydrogenation was strongly inhibited
if the [BMIM][DCA] coated catalyst was applied and a very
low conversion (B1%) was detected. In contrast, the IL-free
Pd/C catalyst showed high conversion (X) and an excellent
yield (Y) towards dihydrocitronellal (X = 89%, Y = 85%).
In order to exclude influences of the support material,
palladium was also deposited on silica. The results with
[BMIM][DCA] coated Pd/SiO2 catalysts are given in Table 2
and support the findings with Pd/C. The catalyst activity was
lowered if the IL content of the catalyst was about 50 wt%,
without affecting the high citronellal selectivity. Leaching of
[BMIM][DCA] into the substrate solution can be excluded,
because a recycling experiment of the IL coated catalyst gave
congruent selectivity–conversion profiles (Fig. S2w).
A variety of reactions with different quantities between 0
and 210 mg of [BMIM][DCA] as additive were carried out to
study the influence on product selectivity. Fig. 1 shows that the
selectivity towards citronellal is dependent on the quantity of
the added [BMIM][DCA].
Except for the highest amount of [BMIM][DCA] (210 mg),
the conversion levels of the performed reactions were nearly
quantitative. Moreover, coating of catalysts prior to reaction
gave slightly higher conversion levels.
Post reaction physisorption of an ‘‘IL-as-additive-catalyst’’
indicated that the ionic liquid was deposited on Pd/SiO2,
because the BET surface area and pore volume were in the
same range as for an IL coated catalyst prepared prior to
reaction (Table S1w).
It is important to note that similar selectivity enhancement
could also be achieved with other ionic liquids, but to a much
lower extent (SCAL,max = 62% with [BMPL][NTf2]). Palla-
dium catalysed citral hydrogenations with basic promoters
such as sodium hydroxide lead to higher selectivities towards
citronellal.13 We propose that the dicyanamide based ionic
liquid takes also the role of a basic promoter, which was
assumed previously in the acetylation of sugars and alcohols.14
In conclusion, ionic liquids—even in small amounts as coated
catalyst or additive—can manipulate tremendously the selectiv-
ity pattern of conventional solid catalysts in the regioselective
hydrogenation of citral. By minimising diffusion limitations
through the thin film of ionic liquid, the conversion levels were
similar to IL-free catalysts. In addition, product extraction could
be circumvented compared to the use of ionic liquids as bulk
solvents. As it seems, the role of the anion is more crucial than
that of the cation. Although some other ILs such as
[BMPL][NTf2] could increase the selectivity and hence the yield
to citronellal, one could not allude to a more ‘‘greener’’ process
or even of an intensification of the latter. Up to now, only the
DCA-based ionic liquid could improve the hydrogenation of
citral to citronellal in a way which has not been observed with
other ones yet, because consecutive hydrogenation to dihydroci-
tronellal is strongly inhibited leading to a selectivity of499% at
full conversion, i.e. the desired product is exclusively formed.
Therefore, we propose that this function is not only suitable for
Fig. 1 Selectivity vs. conversion plot for different [BMIM][DCA]
quantities during citral hydrogenation (conditions: 323 K, 250 mg
Pd/SiO2, cCitral,0 = 1.1 mol L
1, 2.0 MPa H2).
Table 1 Citral hydrogenation using different reaction conditions with
Pd/C as catalyst and [BMIM][DCA] as ILa
Reaction
type
Conversion
(%)
Selectivity (%)
CAL DHC Otherse
IL free 100 41 49 10
IL coatedb 100 499 o1 o1
Additivec 42 499 o1 o1
Bulk solventd 100 97 1 2
a Conditions: 323 K, 200 mg catalyst, cCitral,0 = 1.1 mol L
1, 1.0 MPa
H2, 360 min.
b Catalyst with 50 wt% IL loading. c 200 mg [BMIM]
[DCA] added to the citral–n-hexane mixture. d n-Hexane was replaced
by [BMIM][DCA]. e 3,7-Dimethylocta-2,7-dienal, isopulegol and non-
identified products.
Table 2 Citral hydrogenation with [BMIM][DCA] coated Pd/SiO2
catalystsa
[BMIM][DCA]
content (wt%)
Conversion
(%)
Selectivity (%)
CAL DHC Othersb
Without
[BMIM][DCA]
95 37 43 20
33 89 499 o1 o1
50 49 499 o1 o1
a Conditions: mcitral/mPd = const., 323 K, cCitral,0 = 1.1 mol L
1,
2.0 MPa H2, 360 min.
b 3,7-Dimethylocta-2,7-dienal, isopulegol and
non-identified products.
This journal is c The Royal Society of Chemistry 2008 Chem. Commun., 2008, 4058–4060 | 4059
palladium catalysed citral hydrogenation, but also for other
regioselective hydrogenations.
The authors are grateful to K. Lehnert for physisorption
and F. Klasovsky for TEM examinations, P. C. thanks the
Fonds der Chemischen Industrie.
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Table S1   Physisorption data for various catalysts 
catalyst   SBET (m²/g) Vpore (mL/g) 
Pd/SiO2 prior to reaction 313 0.89 
 after reaction IL-free 283 0.81 
 after reaction IL as additive 231 0.67 
[BMIM][DCA] coated Pd/SiO2 prior to reaction 259 0.75 
  after reaction 248 0.69 
 
 
 
 
 
 
 
 
 
Figure S1   TEM photograph of Pd/SiO2, 300,000x magnification. 
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Figure S2   Catalyst recycling, selectivity vs. conversion (conditions: 323 K, 250 mg 
Pd/SiO2-SCILL, cCitral,0 = 1.1 mol/L, 2.0 MPa H2).  
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Figure S3   Dihydrocitronellal selectivity vs. conversion plot for different [BMIM][DCA] 
quantitiesduring citral hydrogenation (conditions: 323 K, 250 mg Pd/SiO2, 
cCitral,0 = 1.1 mol/L, 2.0 MPa H2).  
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Figure S4   Selectivity other Productsa vs. conversion plot for different [BMIM][DCA] 
quantitiesduring citral hydrogenation (conditions: 323 K, 250 mg Pd/SiO2, cCitral,0 = 1.1 
mol/L, 2.0 MPa H2), a 3,7-dimethylocta-2,7-dienal, isopulegol and non-identified products.  
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Silica and polyaniline supported palladium catalysts prepared by different techniques
(incipient-wetness impregnation, deposition precipitation) using Pd(OAc)2 or H2PdCl4 as
precursors were studied in the liquid-phase hydrogenation of citral under addition of several ionic
liquids ([BMIM][NTf2], [BMIM][PF6], [BMPL][NTf2], [BMIM][DCA], [BMPL][DCA],
[B3MPYR][DCA]) either as catalyst coating or as additive. By an incipient-wetness technique, the
catalysts were coated with a mixture of IL in acetone. The catalysts were characterized by nitrogen
physisorption, whereby a decrease of surface area and pore volume was detected by the IL coated
catalysts. Furthermore, ICP-OES, TEM and IR spectroscopy were performed to analyze metal
content, particle size and coverage of the catalyst with ionic liquid. Citral hydrogenation was
performed at 323 K and under 2.0 MPa H2 in an autoclave with off-line GC analysis of the
product mixtures. Beside stirrer speed, catalyst mass and citral concentration, the type and
quantity of ionic liquid were also varied to elucidate their influence on activity and selectivity of
the Pd/SiO2 catalysed citral hydrogenation. The results show that treatment of the catalyst with
ionic liquids—independent of catalyst coating or additive—leads to a selectivity enhancement of
the desired product, citronellal. With [PF6]
- or [NTf2]
- as the IL anion, maximum selectivities were
(60 ± 2)% at 70% conversion. In particular, dicyanamide (DCA) containing ionic liquids allow,
under optimised conditions, the quantitative one-pot synthesis of citronellal, at least if the Pd/SiO2
catalyst was coated with 29 wt% [B3MPYR][DCA]. By using polyaniline supported Pd catalysts
and [BMIM][DCA] as additive, the consecutive hydrogenation towards dihydrocitronellal was less
pronounced and the influence of metal precursor, support material and preparation technique of
the catalyst could be excluded. Hydrogenation of pure citral on [BMIM][DCA] coated palladium
catalysts offers a solvent-free, green route to citronellal in reasonable selectivities (S = 86%).
1. Introduction
Regioselective hydrogenations of multifunctional substrates are
widely used for the study of factors determining activity
and selectivity on supported metal catalysts.1 a,b-Unsaturated
aldehydes contain at least one carbonyl in conjugation anolefinic
bond, which results in a heterogeneously catalysed competitive
hydrogenation towards saturated aldehydes and unsaturated
alcohols.2–5 Citral belongs to this class of compounds and
has additionally an isolated double bond. The liquid phase
hydrogenation of citral leads to valuable flavouring compounds
like citronellal, geraniol, nerol and citronellol (Scheme 1).
Several active metals, such as palladium,6,7 ruthenium,8
platinum,9,10 gold,11 and bimetallic rhodium-tin,12 nickel-tin13
or silver-indium13 supported on carbon or metal oxides, were
studied in citral hydrogenation conducted in liquid phase,
whereby different consecutive products were obtained. Selec-
tivity can also be controlled by introducing electron-conducting
Ernst-Berl-Institut, Chemical Technology II, Department of Chemistry,
Technische Universita¨t Darmstadt, Petersenstr. 20, 64287 Darmstadt,
Germany. E-mail: claus@ct.chemie.tu-darmstadt.de; Fax: +49 6151 16
4788; Tel: +49 6151 16 5369
materials like polyaniline as the catalyst support.14,15 By choosing
palladium, a consecutive hydrogenation could be considered,
whereby dihydrocitronellal and 3,7-dimethyloctan-1-ol are ob-
tained at higher conversion. In industrial applications, the
selective hydrogenation of citral towards citronellal is catalysed
by palladium on carbon16 which is usually performed in a bubble
reactor with structured packings.17 Yields of citronellal >90%
were obtained by using methanol as solvent and trimethylamine
as a base (citral:CH3OH:N(CH3)3 = 70:27:3 w/w).
16
Ionic liquids (ILs) are low-melting salts with negligible vapour
pressure and their application is a field of growing interest.
In catalysis, ILs have been introduced in several ways,18 e.g.
as solvent, as stabilizer for metallic nanoparticles19 and as
supported ionic liquid phase (SILP catalysts).20 The latter
offers the opportunity to combine the advantages both of
homogeneous and heterogeneous catalysis, as described for
olefin hydrogenation,21 olefin hydroformylation22 and methanol
carbonylation.23 Hereby, transition metal complexes are dis-
solved in a thin layer of ionic liquid, which is immobilized on
microporous silica.
The application of ionic liquids as coating for nickel/silica-
catalysts (SCILL: solid catalyst with ionic liquid layer) was
shown for the liquid-phase hydrogenation of cyclooctadiene,
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Scheme 1 Reaction network of citral hydrogenation, 3,7-dimethyl-2,7-octadienal (1), 3,7-dimethyl-2-octenal (2), dihydrocitronellal (3), 3,7-dimethyl-
2-octen-1-ol (4).
leading to an enhanced selectivity towards cyclooctene in
comparison to the IL-free catalysts.24 It was assumed that the
chosen IL ([BMIM][n-C8H17OSO3]) shows a promoting effect.
Furthermore, leaching of the IL into the organic solution was
not detected.
In the selective hydrogenation of citral, ILs were used as bulk
solvents,whereby a commercial Pd/Ccatalyst showedmaximum
selectivity towards citronellal by using [EMIM][NTf2] and a
quantitative yield of citronellal was obtained.25 Although citral
hydrogenation in toluene with Pd/C gave mixtures of citronellal
and further side and consecutive products, the reaction rate was
faster with organic solvents due to a higher hydrogen solubility
than for ionic liquids.26,27 The catalytic system was multiply
recycled and product extraction is still necessary.
The selectivity pattern of monometallic Pd/Al2O3 or bimetal-
lic Ni-Sn/Al2O3 in citral hydrogenation could not be mod-
ified by replacing the organic solvent (n-hexane) with IL
([BMIM][NTf2]).
13 Product selectivities at equal citral conver-
sion level were in the same range, whereby the reaction rate was
lowered in presence of bulk IL.
The concept of supported ionic liquid catalysts, named
SILCA, was extensively studied in the selective hydrogenation
of citral.28,29 During preparation of the activated carbon cloth
(ACC) supported palladium catalysts, ILs were used as a
nanoparticle stabilizer. The selectivity towards citronellal and
dihydrocitronellal was controlled by varying the anion of
the ILs ([PF6]
- or [BF4]
-), but product mixtures were still
present.
Recently, we could show that applying a dicyanamide con-
taining ionic liquid ([BMIM][DCA]) on supported palladium
catalysts leads to high selectivities towards citronellal in citral
hydrogenation.30 By treating a conventional Pd/C catalyst with
minor amounts of ionic liquids prior to reaction, a quantitative
citronellal yield was obtained. The ionic liquid covers the
palladium nanoparticles, as shown in Fig. 1.
Fig. 1 Supposed structure of an IL coated solid catalyst.
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The aim of this investigation was to study reaction variables
(catalyst mass, citral concentration, stirrer speed) on the course
of citral hydrogenation by using ionic liquids as catalyst coating
or as additive for supported catalysts. Furthermore, influences of
catalyst precursor and preparation route were studied and pure
citral was also applied for hydrogenation. Focusing on dicyan-
amide ionic liquids, further cations ([BMPL]+ and [B3MPYR]+)
were investigated to validate their influence on selectivity and
activity. Catalyst characterization by IR spectroscopy and pulse
CO chemisorption will give information about the interaction
of the ionic liquid with the silica supported palladium catalyst.
2. Experimental
2.1. Catalyst preparation
2.1.1. Pd/SiO2 via incipient-wetness. Pd/SiO2 (wPd =
5wt%) was obtained via incipient-wetness impregnation of the
silica support (9.5 g, silica gel 100, Merck, pre-dried at 473 K
for 2 h) with a 1.1 g portion of Pd(OAc)2 (Evonik-Degussa)
dissolved in 40 mL acetone (Merck), whereby the support was
impregnated in five steps. After drying (RT overnight, then at
353 K for 2 h), the catalyst was reduced in a flow of hydrogen at
373 K for 1 h.
2.1.2. Pd/PANI via deposition-precipitation. Polyaniline
(11.5 g, Mw = 65 kg/mol, Aldrich) was suspended at room
temperature in water (100 mL) and the pH was raised to 11
by adding aqueous sodium carbonate (5 mL, 10wt%) dropwise.
Then, an aqueous solution of dihydrogentetrachloropalladate
(2.5 g, Heraeus, 20wt% Pd) was diluted with water to 20 mL and
added to the suspension. The solution was heated to 363 K and
the pH was held constant at 7 with aqueous sodium hydroxide
(10wt%). After 15 min, it was cooled to 353 K; aqueous sodium
hydroxide (5.8 mL, 10wt%) and formaldehyde (1.2 mL, 37wt%
in water) were then added for reducing. After filtering, washing
withwater (5 ¥ 10mL) and drying, a black powderwas obtained.
2.1.3. Preparation of IL coated catalysts. The ionic
liquid (0.3 g) ([BMIM][NTf2] = 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide, [BMPL][NTf2] = N-butyl-
N-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide,
[BMIM][PF6] = 1-butyl-3-methylimidazolium hexafluoro-
phosphate, [BMIM][DCA] = 1-butyl-3-methylimidazolium di-
cyanamide, [BMPL][DCA] = N-butyl-N-methylpyrrolidinium
dicyanamide, [B3MPYR][DCA]= N-butyl-3-methylpyridinium
dicyanamide, Merck, Scheme 2) was dissolved in acetone
(Merck, 2 mL) and impregnated over the Pd/SiO2 catalyst via
Scheme 2 Cation (top) and anion (bottom) structures of ionic liquids
used in this work.
incipient-wetness. The catalyst was then dried at 343 K (3 h)
to remove traces of the organic solvent. The amount of ionic
liquid was varied in a range between 0.04 and 1 gIL/gcatalyst.
2.2. Catalyst characterization
2.2.1. Nitrogen physisorption. For the determination of
textural properties, nitrogen physisorption was carried out
on a Quantachrome Autosorb at 77 K. Prior to analysis,
the catalyst samples (100 mg) were dried at 423 K for 2 h.
Adsorption isotherms were recorded with increased relative
pressures (multipoint-method), the specific surface area, total
pore volume and pore diameter of the catalysts were calculated
according to the BET31 and BJH32 methods, respectively.
2.2.2. Transmission electron microscopy (TEM). HRTEM
was performed using a 300 kV JEOL JEM-3010 microscope
equipped with a LaB6-cathode. Samples were prepared by
suspending ground catalyst powder in methanol and dripping
the suspension onto a 3.2 mm copper mesh coated with a
continuous carbon film.
2.2.3. Pulse CO chemisorption. In order to identify the
number of surface palladium, pulse chemisorption of the
catalysts was investigated on a TPD/R/O 1100 with carbon
monoxide as the probe molecule. The samples (1 g) were
charged in a quartz reactor and reduced at 473 K prior to
analysis. The chemisorption experiment was performed at room
temperature and the sample was pulsed with CO until saturation
was completed. Mean particle diameters were calculated using
the following equation:
d
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where vPd represents the atomic volume and aPd the atomic
surface area of palladium (data and equation obtained from
ref. 33), f Stoch the stoichiometry factor of CO on palladium and
n
m
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Ê
ËÁ
ˆ
¯˜
the chemisorbed amount of CO per catalyst mass.
2.2.4. Infrared spectroscopy. Infrared spectroscopic stud-
ies were carried out on a Paragon 1000 PC (Perkin Elmer)
spectrometer in transmission mode. Prior to analysis, the solid
ionic liquid coated sample was diluted with KBr and pressed to
a tablet. In order to observe the influence of palladium, a Pd-
free sample was prepared by incipient wetness impregnation of
[BMIM][DCA] dissolved in acetone on silica, further designated
as “[BMIM][DCA]/SiO2”.
2.3. Citral hydrogenation
The hydrogenation runs were performed in a stainless steel
autoclave (Parr, 300 mL) equipped with a heating jacket and
magnetic stirring (impeller type). At first, the reactor was loaded
with catalyst (mcat = 0.05–0.5 g) prior to addition of the reaction
mixture (20 mL citral, Merck; 80 mL n-hexane, Roth; 5 mL
n-tetradecane, Merck). Then, the reactor was closed and the
718 | Green Chem., 2009, 11, 716–723 This journal is © The Royal Society of Chemistry 2009
Table 1 Results of nitrogen physisorption on Pd/SiO2 catalysts with
IL coating (wIL = 17 wt%)
Entry IL Measurement
SBET
[m2/g]
V pore
[mL/g]
1 — prior to hydrogenation 317 0.96
2 [BMIM][NTf2] prior to hydrogenation 230 0.66
3 [BMIM][PF6] prior to hydrogenation 171 0.75
4 [BMPL][NTf2] prior to hydrogenation 236 0.69
5 [BMPL][NTf2] after hydrogenation 234 0.66
6 — after hydrogenation 295 0.83
magnetic stirrer was tuned to its desired frequency (n = 500–
1200 rpm). After flushing with argon (2.0 MPa, three times),
the reaction suspension was heated up to 323 K. Charging
the reactor with hydrogen (1–2 MPa) determined the start
of the reaction. Periodically taken samples were analyzed by
temperature programmed gas capillary chromatography (HP
6890) using anAgilentDB-Wax column (l = 30m, d i = 0.25mm,
tf = 0.25 mm); n-tetradecane was used as internal standard.
If ionic liquids were used as additive, the reactor was charged
with an amount of it prior to addition of the substrate solution.
3. Results and discussion
3.1. Catalyst characterisation
3.1.1. Nitrogen physisorption. In good accordance to pre-
vious findings with dicyanamide based ionic liquids,30 the
textural properties of the catalyst were influenced by coating
it with ionic liquids based on the [NTf2], and [PF6] anions,
respectively (Table 1). The IL-free catalyst showed a BET
surface area of 317 m2/g, and a pore volume of 0.96 mL/g,
whereas these parameterswere lowered for all IL coated catalysts
prior to hydrogenation. As indicated by a post-hydrogenation
analysis with the [BMPL][NTf2] coated catalyst, the pore sizes
remained on the same level. A slight decrease in surface area and
pore volume was observed with an IL-free catalyst after citral
hydrogenation. It can be assumed that the deposition of the
ionic liquid into the pores remains stable, possibly by covering
the catalytically active palladium nanoparticles.
3.1.2. Transmission electron microscopy (TEM). TEM
analysis of the prepared Pd/PANI catalyst also revealed a high
distribution of palladium nanoparticles, as depicted in Fig. 2.
A thorough measurement of the particle sizes gave a mean
diameter of (3.1 ± 0.8) nm, where a spherical particle shape
was assumed. Pd/SiO2 exhibits an average palladium particle
size between 5 and 10 nm, as described elsewhere.30
3.1.3. CO pulse chemisorption of Pd/SiO2 and Pd/SiO2
modified by [BMIM][DCA]. Pulse chemisorption results
showed a decrease in CO uptake if the IL-free Pd/SiO2
(~58 mmol CO/gcat) was treated with [BMIM][DCA] (~10 mmol
CO/gcat) and imply that the chosen ionic liquid modifies
the adsorption characteristics of CO on palladium (Table 2).
Assuming a linear coordination of CO on palladium, the mean
particle diameter is 9 nm for the IL-free Pd/SiO2 and in good
agreement with observations by TEM.30
The decrease of ~48 mmol CO/gcat can be generally attributed
to the lower palladium loading (2.5 wt%) of the SCILL catalyst,
Table 2 Pulse CO chemisorption results of Pd/SiO2 catalysts coated
with or without [BMIM][DCA]
Entry Catalyst wPd [wt%]
nCO/mcat
[mmolCO/gcat] CO/Pda
1 Pd/SiO2 5 57.8 0.12
2 Pd/SiO2-[BMIM][DCA] 2.5 9.6 0.04
a constants: vPd = 14.7 A˚
3, aPd = 7.93 A˚
2, MPd = 106.42 g mol
-1, f Stoch =
1 (data from ref. 33).
Fig. 2 TEM characterization of Pd/PANI.
whereas the IL-free Pd/SiO2 had 5 wt%. Under the assumption
that the shape of the palladium nanoparticles remains stable
after ionic liquid impregnation, i.e. particle diameters are equal
for the IL-free and IL-coated catalyst, the uptake of the
latter one should be approximately 30 mmol CO/gcat, which
is three times higher than the observed uptake of ~10 mmol
CO/gcat. Additionally, the relatively low solubility of CO in
[BMIM][DCA] compared to molecular solvents34 may also
decrease the CO uptake on palladium.
3.1.4. Infrared spectroscopy. Infrared spectroscopic stud-
ies were performed on IL-free and [DCA]-coated catalysts and
characteristic nitrile vibrations between 2100–2300 cm-1 for
the dicyanamide anion are shown on Table 3. The observed
nitrile absorptions for [BMIM][DCA]/SiO2 are comparable
to IR studies on neat [EMIM][DCA] and [BMPL][DCA],
respectively.35 In presence of palladium (entry 2), a blue shift
to higher energy of at least 15 cm-1 is observed which can be
interpreted as an electronic interaction between palladium and
the anion. A coordination of N(CN)2
- and palladium via the
central nitrogen, which was described for Pd{N(CN)2},
36 could
be formed.
3.2. Citral hydrogenation with ionic liquids as catalyst additives
Compared to other metals like nickel and rhodium, palladium
as the active metal favours the hydrogenation of the conjugated
This journal is © The Royal Society of Chemistry 2009 Green Chem., 2009, 11, 716–723 | 719
Table 3 Infrared study of [BMIM][DCA] supported silica materials
Entry
ns + nas
(C–N) n1(C∫N) n2(C∫N) Ref.
1 [BMIM][DCA]/SiO2 2235 2135 2195 this work
2 Pd/[BMIM][DCA]/SiO2 2260 2151 2210 this work
3 PdII{N(CN)2}2 2305 2190 2235 36
C=C bond of citral instead of its C=O bond; density-functional-
theory (DFT) calculations predict a preferred adsorption of
a,b-unsaturated aldehydes on Pd(111) than for simple alkenes.37
Moreover, the h4 adsorptionmode of the conjugated C=Ogroup
on palladium is favoured due to its low four-electron repulsion
leading to a poor catalyst towards C=O hydrogenation.37
3.2.1. Influence of catalyst mass. Several reaction condi-
tions, i.e. catalyst mass, stirring frequency, and citral concen-
tration, were varied to determine the influence of the added
[BMIM][DCA] in comparison to the IL-free Pd/SiO2 (Table 4).
Nearly full citral conversion was obtained with a catalyst mass
of 500 mg and the selectivity for dihydrocitronellal (S = 70%)
indicates a high degree of consecutive reaction. By adding
[BMIM][DCA] to the substrate solution and performing the
hydrogenation under the same conditions, a decrease of citral
conversion was observed (X = 41%), while citronellal was
obtained with very high selectivity (S = 97%).
These relationships between IL-free and IL-as-additive con-
ditions were also observed by a less amount of catalyst (mcat =
50 mg), but the final conversions were lowered due to a higher
citral/catalyst ratio. Again, by adding [BMIM][DCA] to the
substrate solution, selectivity towards citronellal was enhanced
(S = 100%) and a poor conversion was obtained (X = 4%).
For IL-free conditions, citronellal selectivity could be ob-
served in a range between 10 and nearly 100% conversion,
showing a consistent transition between the catalyst masses
(Fig. 3). Hence, the selectivities at a fixed conversion are
independent of the chosen catalyst mass and reaction time.
Furthermore, these results are in accordance with experiments
at 250mg catalyst mass showing similar selectivity patterns both
for IL coated and IL-free catalyst.30
3.2.2. Influence of stirrer speed and citral concentration.
The influence of stirrer speed on the catalyst properties was
examined at 500 and 1200 rpm (Table 4, entries 5 and 6), whereby
250 mg Pd/SiO2 was introduced. Independent of the reaction
conditions (IL-free or IL-additive), the conversion levels and
selectivities were congruent for both stirring frequencies. There-
Fig. 3 S,X-plot for various Pd/SiO2 masses in citral hydrogenation;
open symbols = IL-free catalyst, close symbols = [BMIM][DCA] as
catalyst additive; conditions: c0,citral = 1.1 mol/L, T = 323 K, pH2 =
2.0 MPa, n = 1200 rpm, tR = 6 h.
fore, stirrer speed does not affect the catalysts performance and,
thus, external film diffusion can be excluded.
For an industrial catalyst application, the chosen citral
concentration (1.1 mol/L) is low. Thus, two runs—either with
or without [BMIM][DCA] as additive—were carried out with
pure citral (5.6 mol/L, entries 7 and 8); n-tetradecane was
added for GC analysis and the hydrogenation was performed
with 500 mg catalyst. Under IL-free conditions, the citronellal
selectivity at 48% conversion is moderate due to a higher
amount of isomerization of citral to 1 and other by-products
like dihydrocitronellal. The lower conversion level can be
attributed to higher citral/catalyst ratio. Because no solvent
was added, citral may also adsorb on the acidic sites of the
support material and unpreferred side-reactions took place.
With the addition of [BMIM][DCA], selectivity of citronellal
could be also enhanced at a comparable conversion level. The
ionic liquid might be covering the acidic sites of SiO2, which
formerly catalyse the isomerisation. The considerable space-
time-yield towards citronellal for the [BMIM][DCA] coated
catalyst (13.4 kgCAL (kgPd/SiO2 h)
-1) is comparable to results
described by Bro¨cker et al.,17 although the citral conversion did
not reach 100%. Nevertheless, the use of volatile co-solvents
like methanol and trimethylamine is not necessary with the
introduced SCILL(DCA) concept enabling a greener route to
citronellal.
3.2.3. Influence of palladium precursor and support material.
Determining influences of the choice of palladium precursor,
supportmaterial and preparation route, a Pd/PANI catalyst was
investigated—for the first time—in the citral hydrogenation. The
Table 4 Citral hydrogenation with Pd/SiO2 catalysts added with [BMIM][DCA] in n-hexane (T = 323 K, pH2 = 2.0 MPa, tR = 6 h) under various
conditions
Entry mcat [mg] mIL [mg] c0,citral [mol/L] n [rpm] X [%] SCAL [%] SDHC [%] SISO [%] SOP [%]
1 500 — 1.1 1200 98 22 69 1 8
2 500 500 1.1 1200 41 97 — — 3
3 50 — 1.1 1200 53 51 12 8 30
4 50 50 1.1 1200 4 100 — — —
5 250 — 1.1 500 90 40 36 — 24
6 250 250 1.1 500 23 100 — — —
7 500 — 5.6 1200 48 43 9 11 37
8 500 250 5.6 1200 52 86 1 4 8
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catalyst showed higher citronellal selectivity, with 78% at 50%
conversion, than Pd/SiO2 under IL-free conditions (S = 50% at
X = 50%). As depicted in Fig. 4, the course of hydrogenation
gave initial citronellal selectivity of 80% and at final conversion,
dihydrocitronellal was the main product (S = 96%).
Fig. 4 c,t-plot for Pd/PANI-catalysed citral hydrogenation; condi-
tions: mcat = 250 mg, c0,citral = 1.1 mol/L, T = 323 K, pH2 = 2.0 MPa,
n = 1200 rpm, tR = 6 h.
In contrast, the addition of [BMIM][DCA] leads to a high
citronellal selectivity of at least 90% (Fig. 5). Even when the
substrate citral was consumed, no consecutive hydrogenation
Fig. 5 c,t-plot for Pd/PANI-catalysed citral hydrogenation with
[BMIM][DCA] as additive; conditions: mcat = 250 mg, m[BMIM][DCA] =
155 mg, c0,citral = 1.1 mol/L, T = 323 K, pH2 = 2.0 MPa, n = 1200 rpm,
tR = 6 h.
Table 5 Reaction rate constants and reaction rates under first-order
kinetics of Pd/PANI catalysed citral hydrogenation with or without
[BMIM][DCA] as additive
Entry Catalyst IL k [min-1]a
r0 [mmol
L-1 s-1]b r2
1 Pd/PANI — 0.05619 ± 0.00324 10.4 ± 0.06 0.994
2 Pd/PANI [BMIM]-
[DCA]
0.02293 ± 0.00038 0.43 ± 0.07 0.999
a c = c0exp(-ktR), b r0 = kc0.
of citronellal to dihydrocitronellal took place and the product
composition remained stable for two hours. The consumption
of citral followed first-order kinetics, which was determined
by an exponential curve fit (Table 5), whereas on Pd/PANI
the initial reaction rate r0 was higher (1.04 mmol L
-1 s-1)
than for the respective [BMIM][DCA] coated Pd/PANI catalyst
(0.43 mmol L-1 s-1).
Despite the higher intrinsic selectivity for that catalyst, which
may be attributed to another preparation route, IL treatment
leads again to a selectivity enhancement showing that this
concept is independent of the palladium catalyst source. As
determined by nitrogen physisorption, the BET surface area of
PANI (37 m2/g) is lower than for the applied SiO2 (344 m
2/g),
not affecting the selectivity pattern.Moreover, these experiments
show that the concept is also suitable for unconventional support
materials like polyaniline.
3.3. Citral hydrogenation with ionic liquids as catalyst coating
3.3.1. Variation of fluorous anions based ionic liquids. Sev-
eral ionic liquids based on fluorous containing anions were de-
positedwith a loading of 17%onaPd/SiO2 catalyst to determine
its influence on selectivity and activity in the hydrogenation of
citral (Table 6, entries 1–4). For comparison, an experiment with
IL-free Pd/SiO2 was performed, and throughout the reactions
the molar Pd/citral ratio was held constant, so a higher mass of
ionic liquid coated catalyst was introduced.
Except for the [BMIM][PF6] coated catalyst, the citral con-
version level for coatings of [BMIM][NTf2] and [BMPL][NTf2],
respectively, were in the same order as for the IL-free catalyst.38
The lower hydrogen solubility in ionic liquids compared to
organic solvents39 does not affect the conversion level, indicating
no mass transport limitation. The final citronellal selectivity
Table 6 Citral hydrogenation with Pd/SiO2 and IL coated catalysts in n-hexane (T = 323 K, pH2 = 2.0 MPa, c0,citral = 1.1 mol/L, n = 1200 rpm,
tR = 6 h) with various ILs. Unless noted otherwise, selectivities referring to 80% citral conversion
Entry IL mcat [mg] wIL [wt%] X [%] SCAL [%] SDHC [%] SOP [%] Ref.
1 — 0.2 — 79a 45b 19b 36b 33
2 [BMIM][NTf2] 0.24 17 74
a 59b 15b 26b 38
3 [BMIM][PF6] 0.24 17 63
a 59b 10b 31b 38
4 [BMPL][NTf2] 0.24 17 75
a 62b 14b 24b 30,38
5 [BMIM][DCA] 0.28 10 100 81 11 8 this work
6 [B3MPYR][DCA] 0.27 7 100 82 10 8 this work
7 [B3MPYR][DCA] 0.35 29 99 98 1 1 this work
8 [BMPL][DCA] 0.28 10 100 90 3 7 this work
9 [BMPL][DCA] 0.33 24 100 99 — 1 this work
a final citral conversion after tR = 4 h,
b selectivities for final conversion.
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after 4 h reaction time was increased for all IL coated
catalysts compared to the IL-free reaction (S = 45%), whereby
[BMPL][NTf2] showed the best performance (S = 62%).
Minimum amounts of fluoride present in [BMIM][PF6] may
also decrease the conversion level. It is known that citral
hydrogenation is sensitive towards halides as contaminants,
which was shown for chloride contamination by Hardacre
et al.25 The higher average pore diameter of [BMIM][PF6] coated
Pd/SiO2 determined by N2 physisorption (167 nm instead of
114 nm for Pd/SiO2) could be interpreted by partially etching
of silica by the fluoride possibly forming SiF4.
In contrast to the dicyanamide based ionic liquids, the
selectivity towards citronellal was enhanced to a lesser extent.
3.3.2. Dicyanamide containing ionic liquids. By applying
dicyanamide based ionic liquids as catalyst coating, citral con-
version and citronellal selectivity could be improved indepen-
dent ofwhich cation (either [BMIM]+, [BMPL]+ or [B3MPYR]+)
was used (Table 6, entries 5–9). Moreover, nearly quantitative
citronellal yield was obtained if the catalyst was loaded with
29wt% [B3MPYR][DCA]. In comparison to previous findings,
the citronellal selectivity is moderately lowered due to a de-
creased amount of ionic liquid. With decreased IL loading, the
citronellal selectivity at 80% conversion was diminished either
with [BMIM][DCA] (S = 81%) or [B3MPYR][DCA] (S = 82%)
as catalyst coating (entries 5 and 6); dihydrocitronellal was then
observed as the consecutive product (S ~ 10%).
In comparison with [BMIM][DCA] and [B3MPYR][DCA]
at equal IL loading, experiments with 10wt% [BMPL][DCA]
gave the highest selectivity towards citronellal, supporting the
findings with [NTf2]-based ILs, whereas the [BMPL]-cation
showed increased selectivities compared to the [BMIM]-cation.
Quantitative citronellal yield was obtained with a 24wt%
[BMPL][DCA] coated catalyst (entry 9).
The latter supports the findings with [BMIM][DCA] as
catalyst additive,30 where an increasing amount of IL leads
to increased citronellal selectivities. Obviously, it is necessary
to introduce a threshold amount of DCA-IL to perform the
reaction at full citronellal selectivity, facilitating a full coverage
of the active sites with DCA-containing ionic liquid.
The results show that generally dicyanamide based ILs are
able to act as a modifier in the citral hydrogenation with a
selectivity enhancement towards citronellal. So the electronic
and chemical structure of the anion plays a crucial role,
affecting the mechanism of hydrogenation which may also be
concluded by IR spectroscopy, whereas the blue shift (~15 cm-1)
of the nitrile vibrations indicates a partial formation of DCA
complexed palladium species.
Furthermore, the DCA based ionic liquids may also modify
the adsorption, reaction and mass transport processes, as is
known for the liquid phase hydrogenation of benzene, where
suspending of the supported ruthenium catalyst in water leads
to a selectivity enhancement towards the preferred cyclohexene
by lowering the desorption of cyclohexene from the catalyst
surface.40 In our study, extraction experiments with ILs and
solutions of citral and citronellal were performed at room
temperature in order to determine the concentration of citral
and citronellal in the ionic liquid. The product mixture of the
organic phase was analyzed by GC and a “conversion” level
was determined under the assumption that the GC standard
n-tetradecane is insoluble in ionic liquids. As a general trend,
the solubility of citronellal in dicyanamide based ionic liquids
was lower than for citral. In comparison to [BMIM][NTf2], di-
cyanamide based ionic liquids gave lower solubilities indicating
better desorption of citronellal from the ionic liquid layer into
the organic phase.
To understand in detail the interaction of DCA based ionic
liquids with active metal palladium and the reactants citral and
hydrogen, respectively, further examinations are in progress.
4. Conclusion
Dicyanamide containing ionic liquids, independent of the
cation, act very well as selectivity modifiers for the hetero-
geneously catalysed citral hydrogenation on Pd supported
catalysts. Regardless of the nature and origin of the prepared Pd
catalysts, excellent selectivities towards citronellal were observed
by using these ILs as catalyst additive or coating, whereby con-
secutive and side reactions are strongly inhibited. This concept
offers a greener opportunity to a solvent-less hydrogenation of
citral, as experiments on neat citral at high citronellal selectivity
in considerable space-time-yield have shown.
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Supported ruthenium catalysed selective hydrogenation of citral in presence
of [NTf2]
 based ionic liquids
Ju¨rgen Arras, Dominik Ruppert, Peter Claus *
Department of Chemistry, Ernst-Berl-Institut/Chemical Technology II, Technische Universita¨t Darmstadt, Petersenstrasse 20, D-64287 Darmstadt, Germany
1. Introduction
For the evaluation of factors controlling activity and selectivity
of heterogeneous catalysts, the selective hydrogenation of a,b-
unsaturated aldehydes was applied in numerous studies and
recently reviewed [1–4]. Citral (3,7-dimethyl-2,6-octadienal)
belongs to this class of compounds and is also a valuable
intermediate in industrial processes for the synthesis of vitamins,
and flavours. Its rather complex hydrogenation network is given in
Fig. 1. Besides the nature of the active metal (e.g. palladium [5],
platinum [6,7], gold [8]), further parameters like (i) presence of a
second metal (e.g. rhodium–tin [9,10], nickel–tin [11], silver–
indium [11]), (ii) support material (e.g. polyaniline [12,13]), and
(iii) organic solvents [7] were reported for heterogeneously
catalysed citral hydrogenation over the past years.
In the case of supported ruthenium catalysts [6,14–19], the
hydrogenation of citral produces citronellal, geraniol and nerol
with citronellol as conjoint consecutive product. Modifying these
type of catalysts with tin [16,20,21], iron [17,22], cerium [23] or
copper [24] increases the selectivity towards geraniol and nerol.
Homogeneous or multiphase catalysis with ruthenium complexes
gave also high yields of unsaturated alcohols [25–27].
Ionic liquids are low-melting salts and gained much interest in
catalysis [28–30] enabling novel concepts for the immobilisation
of metal complexes (supported ionic liquid phase, SILP) that
catalyse hydrogenation [31] or hydroformylation of unsaturated
alkene [32–34]. In a similar fashion, the deposition of ionic liquids
as thin layer (solid catalyst with ionic liquid layer, SCILL) was
demonstrated in the silica supported nickel catalysed hydrogena-
tion of cyclooctadiene enhancing the selectivity towards cyclooc-
tene [35]. A similar concept was recently shown for the
hydrogenation of ethylene on ionic liquid mediated platinum
nanoparticles supported on silica [36].
Citral hydrogenation by using ionic liquids as bulk solvents was
realised on supported palladium [11,37] and nickel–tin [11]
catalysts. Due to their lower hydrogen solubility in contrast to
conventional organic solvents, the activity was decreased in
presence of ionic liquids. Palladium nanoparticles stabilised by
ionic liquids on carbon fibres as support were able to catalyse citral
hydrogenation [38–40].
Recently, we observed a promoting effect of dicyanamide
based ionic liquids [41,42] in the supported palladium
catalysed citral hydrogenation and under optimised reaction
conditions the one-pot synthesis of citronellal was obtained
by inhibition of the consecutive reaction towards dihydroci-
tronellal [43,44]. An interaction between palladium and the
dicyanamide anion was proposed for the selectivity enhance-
ment as it was shown by IR spectroscopy [44]. In a first
approach, modification of Ru/Al2O3 with conventional ionic
liquids based on the [PF6]
 or [NTf2]
 anion to obtain SCILL
revealed a more pronounced selectivity towards geraniol and
nerol [45].
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A B S T R A C T
The influence of ionic liquids (ILs) based on the bis(trifluoromethanesulfonyl)amide anion
([BMIM][NTf2] and [HMIM][NTf2]) on the alumina supported ruthenium catalysed liquid-phase
hydrogenation of citral was investigated applying these ILs as additive. For characterisation ICP-OES,
hydrogen pulse chemisorption and nitrogen physisorption were applied, the latter was used after
reaction to identify the presence of an ionic liquid layer on the catalyst. The catalytic results show that
under the chosen reaction conditions (373 K, 7 MPa H2, 0.3 mol L
1 citral), additives like [NTf2]
 based
ionic liquids change the intramolecular selectivity (C5Ovs. C5C hydrogenation) in away that the desired
unsaturated alcohols geraniol and nerol are the main products (Smax = 46% at X = 50% compared to only
25% for neat Ru/Al2O3). Concerning the catalyst activity a decrease of the initial turnover frequency
(0.048 s1) in comparison to the IL-free catalyst (0.140 s1) was observed. The results indicate that in
presence of [BMIM][NTf2] and [HMIM][NTf2] the site-time yields towards citronellal were more
decreased than for geraniol and nerol enhancing the selectivity of the latter ones.
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Aim of this study was to examine the influence of [NTf2]
 based
ionic liquids as additives on the selectivity pattern of supported
ruthenium catalysed citral hydrogenation which allows now the
investigation of the intramolecular selectivity (i.e. C5O vs. C5C
hydrogenation) and thus, the parallel reactionwith respect to citral
instead of the consecutive reaction (i.e. citral to citronellal but not
further to dihydrocitronellal) typically catalysed by palladium
[6,37,43,44]. Furthermore, the determination of initial turnover
frequencies for the respective products will give insights how the
ionic liquid acts as modifier.
2. Experimental
2.1. Catalyst characterisation
The ruthenium content was determined by ICP-OES on a
Spectro Modula, whereas the Ru/Al2O3 catalyst was diluted in
molten Na2O2 prior to analysis.
Nitrogen physisorption was performed on a Quantachrome
Autosorb at 77 K to determine the textural properties of the
catalysts, whereby the samples (100 mg) were dried at 423 K for
2 h prior to analysis. By increasing relative pressures (multi-
point-method), adsorption isotherms were recorded and specific
BET [46] surface area and BJH [47] pore diameter were
determined.
The chemisorption experiment was performed at 294 K and the
sample was pulsed with H2 (435mL at 0.1 MPa) until saturation
was completed. The mean particle diameter was calculated using
following equation:
dRu ¼
6  ðvRu=aRuÞ  f S wRu
ðnH2=mcatÞ MRu
(1)
whereby vRu represents the atomic volume and aRu the atomic
surface area of ruthenium (data and equation obtained from [48]),
fS the stoichiometry factor of H2 (1:1), on ruthenium, (nH2=mcat) the
chemisorbed amount of hydrogen per catalyst mass.
2.2. Citral hydrogenation
Citral hydrogenation was conducted in a stainless steel
autoclave (Parr, 300 mL) equippedwithmagnetic stirring (impeller
type) and a heating jacket. After charging the reactor with catalyst
(Ru/Al2O3, Alfa Aesar,mcat = 1 g) and, if necessary, with ionic liquid
([BMIM][NTf2] = 1-butyl-3-methylimidazolium bis(trifluoro-
methanesulfonyl)amide, [HMIM][NTf2] = 1-hexyl-3-methylimida-
zolium bis(trifluoromethanesulfonyl)amide, Merck, mIL = 0.3–
0.5 g), the citral (Merck) solution (0.3 mol L1 in n-hexane, Roth)
was introduced. The reactor was then closed andmagnetic stirring
tuned to its desired frequency (1200 rpm). For inertisation, the
suspension was flushed with argon (2 MPa, three times) before
heating up at 1 MPaAr pressure to 373 K. Charging the reactorwith
hydrogen (7 MPa) determined the start of the reaction. During the
course of hydrogenation, samples were taken periodically and
analysed by temperature programmed gas capillary chromato-
graphy (HP 6890) using an Agilent DB-Wax column (l = 30 m,
Fig. 1. Reaction network of citral hydrogenation, 3,7-dimethyl-2,7-octadienal (1), 3,7-dimethyl-2-octenal (2), dihydrocitronellal (3), 3,7-dimethyl-2-octen-1-ol (4).
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di = 0.25 mm, tf = 0.25mm), FID, and n-tetradecane (Merck) as
internal standard.
3. Results
The analysis of textural properties by nitrogen physisorption
revealed a decrease in surface area and pore volume of Ru/Al2O3
after reaction (Table 1). In presence of [BMIM][NTf2] as additive,
the post citral hydrogenation analysis of the catalyst gave very low
values for the pore characteristics (SBET = 27 m
2 g1,
Vpore = 0.29 mL g
1). Characterisation by chemisorption of Ru/
Al2O3 gave an H/Ru ratio of 0.16 corresponding to a mean particle
diameter of 9.6 nm.
The conversion levels of citral hydrogenation and its selectiv-
ities (at 50% conversion) in presence of ionic liquids are
summarised in Table 2. For reference, a run with neat Ru/Al2O3
was also carried out without ionic liquid in order to compare
activity and selectivity patterns.
After 6 h reaction time, full conversion was obtained for the
hydrogenation of citral over IL-free Ru/Al2O3 and citronellal
(S = 51%) was the main product (entry 1). The unsaturated alcohols
and citronellol were formed with much lower selectivity (26% and
14%, respectively).
It is worth mentioning that the selectivities towards the
unsaturated alcohols were enhanced (S = 43. . .46%, entries 2–4) by
[NTf2]
 based ionic liquids lowering the citronellal selectivities for
all runs (S = 34. . .37%). The conversion levels for all three runswere
decreased compared to the experiment without ionic liquid and
depended on the introduced amount of [BMIM][NTf2] (entries 2
and 4).
Independent on the choice of cation ([BMIM]+ or [HMIM]+,
entries 2 and 3) nearly quantitative conversion (X = 93. . .94%) was
obtained and production of geraniol/nerol was favoured. More-
over, it should be noted that the amount of other by-products was
lowered slightly (S = 4. . .7% instead of >9%) in presence of [NTf2]

based ionic liquids.
This beneficial effect of these ionic liquids should be illustrated
by S–X plots for geraniol/nerol, citronellal, and citronellol, as
depicted in Figs. 2–4. Throughout the course of hydrogenation,
geraniol/nerol selectivity is increased by the ionic liquids
compared to IL-free conditions and ranges between 35% at the
start of reaction to a maximum of 46% for conversions greater 50%
(Fig. 2). Citronellal was obtained in higher amounts under IL-free
conditions than for the addition of ionic liquids, whereas the
selectivity decreases with increasing conversion reaching a
minimum at X > 99% (Fig. 3). The selectivity towards the
consecutive product citronellol was not affected noticeably by
the ionic liquids (Fig. 4), which increases during course of
hydrogenation finally to 55%.
In order to identify the selectivity enhancement towards the
unsaturated alcohols in the case of adding the ionic liquids, initial
turnover frequencies (TOFs) were determined by exponential
fitting of the respective time-dependent decay on citral concen-
tration of each reaction under the assumption of first-order
kinetics and the characteristical data for Ru/Al2O3 obtained by ICP-
OES and chemisorption, respectively (Table 3). For all listed
reactions the accuracy of the fitting was checked and the
regression coefficient was always greater than 0.967. Additionally,
the initial site-time yields (STY [s1] [49]) of citral hydrogenation
were calculated by multiplying the initial TOF with the initial
Table 1
Nitrogen physisorption on Ru/Al2O3 catalysts.
SBET [m
2g1] Vpore [mLg
1]
1 Prior to reaction 130 0.85
2 After reaction 114 0.77
3 After reaction, [BMIM][NTf2] as additive 27 0.29
Table 2
Ru/Al2O3 catalysed citral hydrogenation with ionic liquids (ILs) as additives
a.
Entry IL mIL [g] X6h
b [%] SCAL
c [%] SG+N
d [%] SCOL
e [%] SOthers
f [%]
1 Without IL – >99 51 26 14 9
2 [BMIM][NTf2] 0.3 94 37 43 13 7
3 [HMIM][NTf2] 0.3 93 37 43 14 6
4 [BMIM][NTf2] 0.5 86 34 46 16 4
(a) Conditions: 1 g Ru/Al2O3, 373K, 7MPa H2, 0.3mol L
1 citral in n-hexane, (b) citral conversion after 6h reaction time (S–X plots given in Figs. 2–4), (c) citronellal selectivity,
(d) geraniol and nerol selectivity, (e) citronellol selectivity, (f) selectivity towards 3,7-dimethyloctan-1-ol and non-identified products. Each selectivity at citral conversion of
50%.
Fig. 2. Sgeraniol+nerol–X plot of Ru/Al2O3 catalysed citral hydrogenation with ionic
liquids as additive, conditions: 1 g Ru/Al2O3, 373 K, 7 MPaH2, 0.3 mol L
1 citral in n-
hexane, 360 min (without IL), and 480 min (IL as additive), respectively.
Fig. 3. Scitronellal–X plot of Ru/Al2O3 catalysed citral hydrogenation with ionic liquids
as additive, conditions: 1 g Ru/Al2O3, 373 K, 7 MPa H2, 0.3 mol L
1 citral in n-
hexane, 360 min (without IL), and 480 min (IL as additive), respectively.
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selectivity of the respective product (determined by extrapolation
of the S–X plot towards X = 0) which are also shown in Table 3.
As expected, the reaction without presence of ionic liquid
showed the highest TOF (0.140 s1) which decreased by a factor of
about 3 with increasing ionic liquid mass reaching a minimum for
0.5 g [BMIM][NTf2] (0.048 s
1). Except for the initial TOF towards
citronellol, all STYs were also lowered if an ionic liquid was
present.
Especially for citronellal (product of C5C hydrogenation), the
STY could be remarkably lowered by adding ionic liquids that
decreased to a maximum factor of 4. In contrast, the STY of
geraniol/nerol (products of C5O hydrogenation) was lowered to a
much lesser extent (only factor 2) and ranged between 1.5–
2.8  102 s1. In the case of citronellol (product of consecutive
hydrogenation), a maximum could be observed by using 0.3 g
[HMIM][NTf2] (6.1  10
2 s1), which was in the same range than
for the hydrogenation without ionic liquid (5.6  102 s1).
4. Discussion
In good accordance to previous findings on citral hydrogenation
over ionic liquid coated supported palladium catalysts [43,44] and
over Pd/C with ILs as bulk solvents [37], where in both cases a
decrease in pore volume and surface area by treatment with ionic
liquids was observed, the modified textural properties may be
attributed to an immobilisation of the ionic liquids into the pores
indicating an in situ generation of the catalytically active material
that was already shown for the addition of ILs onto supported Pd
catalysts [43–45].
The selectivity pattern of the IL-free Ru/Al2O3 in our study is
comparable to alumina supported Ru catalysts known for citral
hydrogenation [16], where selectivities towards geraniol and nerol
are reported for citral hydrogenation on supported Ru catalysts
[6,14,15,17,18,20,21,24,49] ranging from 13% [21] to 49% [50] at
50% citral conversion. This could be ascribed in general to the
variety of the support material as well as aspects of catalyst
preparation and chemical engineering, e.g. citral concentration and
solvent.
By choosing n-hexane as solvent, formation of citronellal
ethylacetal, which was described earlier for ruthenium on alumina
in presence of ethanol [15], could be circumvented and findings by
Vannice et al. [7] have shown that a general trend for the initial
turnover frequency of citral consumption could not be determined
by varying the solvent and its respective polarity. In addition,
solvent variation on the silver catalysed citral hydrogenation
revealed the highest selectivity towards geraniol and nerol at 30%
conversion by the use of n-hexane [51]. The use of Al2O3 as support
material hinders in general the production of isopulegol whichwas
reported for Ru/SiO2 in citral hydrogenation by Vannice et al. [6].
As previously shown on Pd/Polyaniline catalysts [44], an
addition of ionic liquids leads to a decrease in the initial reaction
rate and is also found in this study for Ru/Al2O3 catalysts. Because
the results of nitrogen physisorption indicate coverage of the
catalyst by the IL, the deposition of the latter onto the ruthenium
surface influences the adsorption of citral and hydrogen. Further-
more, a decreased product desorption leading to an inhibition of
active sites may be also taken into account. It has to be noted that
the variation of the alkyl chain length of the imidazolium cation
(butyl vs. hexyl) does not affect the selectivity pattern and the role
of ionic liquid as modifier in this study is determined primarily by
the physico-chemical properties, e.g. viscosity, density, that are
less dependent on the type of alkyl chain.
Although [BMIM][NTf2] and [HMIM][NTf2] are weakly basic
[42], the decrease in citral conversion in presence of the added
ionic liquids should be interpreted by their low hydrogen solubility
in comparison to organic solvents [52]. This phenomenon is
discussed for ionic liquids as bulk solvents in citral hydrogenation
on Pd/Al2O3 [11].
Similar to catalyst activity, the selectivity pattern will be
modified by the ionic liquids, as it is observed for [BMIM][NTf2] and
[HMIM][NTf2] in the present study with geraniol and nerol as
favoured products. The preferred formation of the unsaturated
alcohols can be attributed, in general, to the electron-donating
properties of a secondmetal [1,2] or to Lewis-acidic sites activating
the C5O group [1,2,17,23]. Besides the activation through a second
metal, addition of bases, e.g. trimethylamine [22], improves also
the selectivity towards geraniol and nerol in citral hydrogenation
which is in good agreement to homogeneous or multiphase
catalysis on ruthenium triphenylphosphine and TPPTS complexes,
respectively [25–27]. The influence of alkali promoters on the
ruthenium catalysed hydrogenation of 3-methyl-2-butenal (Pre-
nal) was investigated by Blackmond et al. [53]. A polarisation of the
C5O group by potassium ions favoured prenal hydrogenation
towards prenol concomitant with a decrease in C5C group
hydrogenation. For Pt catalysed liquid-phase hydrogenation of
crotonaldehyde [54], addition of triphenylphosphine leads to a
Table 3
Initial turnover frequencies and site-time-yields for Ru/Al2O3 catalysed citral hydrogenation (373K, 7MPa H2) in presence of [NTf2]
 based ionic liquids.
Entry IL mIL [g] Initial TOF
a [102 s1] STYG+N
b [102 s1] STYCAL
b [102 s1] STYCOL
b [102 s1] STYOTH
b [102 s1]
1 – – 14.0 2.8 9.9 0.5 0.8
2 [BMIM][NTf2] 0.3 7.2 2.2 4.2 0.5 0.3
3 [HMIM][NTf2] 0.3 6.8 2.1 3.7 0.6 0.4
4 [BMIM][NTf2] 0.5 4.8 1.5 2.7 0.4 0.2
a Determined by exponential fitting (c= c0e
kt) of c,t-plots (r2>0.967) of the respective experiments, TOF= kc0VRMRu(DwRumcat)
1, with mcat=1g, wRu ¼ 0:042, D=0.16,
c0=0.3mol L
1, VR=105mL.
b Site-time-yields STYi= Si,t=0TOF: G+N=geraniol and nerol, CAL= citronellal, COL=citronellol, OTH=3,7-dimethyloctan-1-ol and non-identified products.
Fig. 4. Scitronellol–X plot of Ru/Al2O3 catalysed citral hydrogenation with ionic liquids
as additive, conditions: 1 g Ru/Al2O3, 373 K, 7 MPa H2, 0.3 mol L
1 citral in n-
hexane, 360 min (without IL), and 480 min (IL as additive), respectively.
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decrease in activity whereas the selectivity towards crotyl alcohol
was slightly enhanced.
The observed results in our study, namely that the formation of
geraniol and nerol was enhanced in presence of [NTf2]
 based ILs,
may be interpreted as a modifying effect by the IL, which inhibits
primarily the C5C hydrogenation. The decrease in STY towards
citronellal is more pronounced than for the unsaturated alcohols.
5. Conclusion
In the present study, ionic liquids act as modifiers on the
alumina supported ruthenium catalysed citral hydrogenation
influencing conversion and selectivity. It supports the findings
on supported palladium citral hydrogenation inwhich ionic liquids
have a role as modifier enabling a one-pot synthesis of the
intermediate citronellal by inhibiting the consecutive hydrogena-
tion to dihydrocitronellal. Now, by choosing an appropriate IL, the
parallel reaction towards citronellal or geraniol/nerol, i.e. C5C vs.
C5O hydrogenation, is modified, whereby the unsaturated
alcohols are produced with improved selectivities in presence of
[NTf2]
 based ionic liquids.
It is shown that the deposition of ionic liquids influences the
site-time yields whereby the conversion level and citronellal
formation rate is lowered. As it was recently shown for controlling
selectivity of consecutive reaction pathways in the selective citral
hydrogenation on dicyanamide modified palladium/support cat-
alysts, the performance on Ru/Al2O3 gives now an opportunity to
influence the intramolecular selectivity and, thus, a parallel
reaction. The observed effects are certainly helpful to control
heterogeneously catalysed reactions by simplifying their complex
reaction networks.
Acknowledgements
The authors want to thank Dipl.-Ing. K. Lehnert, Dipl.-Ing. A.
Kyriopoulos and Dipl.-Ing. E. Paki for catalyst characterisation,
Dipl.-Ing. M. Lucas for experimental assistance, and Dr. M. Steffan
for fruitful discussions. P.C. acknowledges gratefully the financial
support by the Fonds der chemischen Industrie.
References
[1] P. Claus, Y. O¨nal, in: G. Ertl, H. Kno¨zinger, F. Schu¨th, J.Weitkamp (Eds.), Handbook of
HeterogeneousCatalysis, 2ndedition,Wiley–VCH,Weinheim, 2008, pp.3308–3329.
[2] P. Claus, Top. Catal. 5 (1998) 51–62.
[3] P. Ma¨ki-Arvela, J. Hajek, T. Salmi, D.Y. Murzin, Appl. Catal. A 292 (2005) 1–49.
[4] P. Gallezot, D. Richard, Catal. Rev. Sci. Eng. 40 (1998) 81–126.
[5] M.A. Aramendia, V. Borau, C. Jimenez, J.M. Marinas, A. Porras, F.J. Urbano, J. Catal.
172 (1997) 46–54.
[6] U.K. Singh, M.A. Vannice, J. Catal. 199 (2001) 73–84.
[7] S. Mukherjee, M.A. Vannice, J. Catal. 243 (2006) 108–130.
[8] C. Milone, M.L. Tropeano, G. Gulino, G. Neri, R. Ingoglia, S. Galvagno, Chem.
Commun. (2002) 868–869.
[9] B. Didillon, J.P. Candy, J.M. Bassett, J.P. Bournonville (Institut Francais du Petrole)
US5118884, 1992.
[10] M. Lucas, P. Claus, Chem. Ing. Tech. 73 (2001) 252–257.
[11] M. Steffan, M. Lucas, A. Brandner, M. Wollny, N. Oldenburg, P. Claus, Chem. Eng.
Technol. 30 (2007) 481–486.
[12] M. Steffan, F. Klasovsky, J. Arras, C. Roth, J. Radnik, H. Hofmeister, P. Claus, Adv.
Synth. Catal. 350 (2008) 1337–1348.
[13] F. Klasovsky,M. Steffan, J. Arras, J. Radnik, P. Claus, Open Phys. Chem. J. 1 (2007) 1–
4.
[14] S. Galvagno, C. Milone, A. Donato, G. Neri, R. Pietropaolo, Catal. Lett. 18 (1993)
349–355.
[15] G. Neri, L. Mercadante, A. Donato, A.M. Visco, S. Galvagno, Catal. Lett. 29 (1994)
379–386.
[16] L. Mercadante, G. Neri, C. Milone, A. Donato, S. Galvagno, J. Mol. Catal. A: Chem.
105 (1996) 93–101.
[17] B. Bachiller-Baeza, A. Guerrero-Ruiz, P. Wang, I. Rodriguez-Ramos, J. Catal. 204
(2001) 450–459.
[18] J. Alvarez-Rodriguez, A. Guerrero-Ruiz, I. Rodriguez-Ramos, A. Arcoya-Martin,
Catal. Today 107–108 (2005) 302–309.
[19] D. Manikandan, D. Divakar, T. Sivakumar, Catal. Lett. 123 (2008) 107–114.
[20] S. Galvagno, C. Milone, A. Donato, G. Neri, R. Pietropaolo, Catal. Lett. 17 (1993) 55–
61.
[21] A.M. Silva, O.A.A. Santos, M.J. Mendes, E. Jordao, M.A. Fraga, Appl. Catal. A 241
(2003) 155–165.
[22] T. Gerlach, H.G. Go¨bbel, F. Funke, K. Ebel, E. Schwab, S. Unverricht, R. Ko¨rner, L.
Lobree (BASF) EP1317959, 2002.
[23] B. Bachiller-Baeza, I. Rodriguez-Ramos, A. Guerrero-Ruiz, Appl. Catal. A 205
(2001) 227–237.
[24] J. Alvarez-Rodriguez, A. Guerrero-Ruiz, I. Rodriguez-Ramos, A. Arcoya, Micropor.
Mesopor. Mater. 110 (2008) 186–196.
[25] K. Hotta, J. Mol. Catal. 29 (1985) 105–107.
[26] J.M. Grosselin, C. Mercier, G. Allmang, F. Grass, Organometallics 10 (1991) 2126–
2133.
[27] Y. O¨nal, P. Claus, in: W. Leitner, M. Ho¨lscher (Eds.), Topics in Organometallic
Chemistry, Vol. 23: Regulated Systems for Multiphase Catalysis, Springer, Berlin/
Heidelberg, 2008, pp. 163–191.
[28] R. Sheldon, Chem. Commun. (2001) 2399–2407.
[29] T. Welton, Coord. Chem. Rev. 248 (2004) 2459–2477.
[30] V.I. Parvulescu, C. Hardacre, Chem. Rev. 107 (2007) 2615–2665.
[31] C.P. Mehnert, E.J. Mozeleski, R.A. Cook, Chem. Commun. (2002) 3010–3011.
[32] C.P. Mehnert, R.A. Cook, N.C. Dispenziere, M. Afeworki, J. Am. Chem. Soc. 124
(2002) 12932–12933.
[33] A. Riisager, R. Fehrmann, S. Flicker, R. van Hal, M. Haumann, P. Wasserscheid,
Angew. Chem. 117 (2005) 826–830.
[34] M. Haumann, R. Fehrmann, Chem. Rev. 108 (2008) 1474–1497.
[35] U. Kernchen, B. Etzold, W. Korth, A. Jess, Chem. Eng. Technol. 30 (2007) 985–994.
[36] R. Knapp, A. Jentys, J.A. Lercher, Green Chem. 11 (2009) 656–661.
[37] K. Anderson, P. Goodrich, C. Hardacre, D.W. Rooney, Green Chem. 5 (2003) 448–
453.
[38] J.P. Mikkola, P. Virtanen, H. Karhu, T. Salmi, D.Y. Murzin, Green Chem. 8 (2006)
197–205.
[39] J.P. Mikkola, P.P. Virtanen, K. Kordas, H. Karhu, T.O. Salmi, Appl. Catal. A 328
(2007) 68–76.
[40] J.P. Mikkola, J. Wa¨rna, P. Virtanen, T. Salmi, Ind. Eng. Chem. Res. 46 (2007) 3932–
3940.
[41] D.R. MacFarlane, J. Golding, S. Forsyth, M. Forsyth, G.B. Deacon, Chem. Commun.
(2001) 1430–1431.
[42] D.R. MacFarlane, J.M. Pringle, K.M. Johansson, S.A. Forsyth, M. Forsyth, Chem.
Commun. (2006) 1905–1917.
[43] J. Arras, M. Steffan, Y. Shayeghi, P. Claus, Chem. Commun. (2008) 4058–4060.
[44] J. Arras, M. Steffan, Y. Shayeghi, D. Ruppert, P. Claus, Green Chem. 11 (2009) 716–
723.
[45] J. Arras, M. Steffan, P. Claus, 1st SynTOP Smart Synthesis and Technologies for
Organic Processes, VDI-Berichte 2039, VDI-Verlag GmbH, Du¨sseldorf, 2008, pp.
109–114.
[46] S. Brunauer, P.H. Emmett, E. Teller, J. Am. Chem. Soc. 60 (1938) 309–319.
[47] E.P. Barrett, L.G. Joyner, P.P. Halenda, J. Am. Chem. Soc. 73 (1951) 373–380.
[48] G. Bergeret, G. Gallezot, in: G. Ertl, H. Kno¨zinger, F. Schu¨th, J. Weitkamp (Eds.),
Handbook of Heterogeneous Catalysis, 2nd edition,Wiley–VCH,Weinheim, 2008,
pp. 738–765.
[49] C. Mohr, H. Hofmeister, J. Radnik, P. Claus, J. Am. Chem. Soc. 125 (2003) 1905–
1911.
[50] J. Alvarez-Rodriguez, I. Rodriguez-Ramos, A. Guerrero-Ruiz, A. Arcoya, Appl. Catal.
A 366 (2009) 114–121.
[51] M. Steffan, PhD thesis, Technische Universita¨t Darmstadt, 2008, p. 97.
[52] P.J. Dyson, G. Laurenczy, A. Ohlin, J. Vallance, T. Welton, Chem. Commun. (2003)
2418–2419.
[53] A. Waghray, J. Wang, R. Oukaci, D.G. Blackmond, J. Phys. Chem. 96 (1992) 5954–
5959.
[54] M. Englisch, V.S. Ranade, J.A. Lercher, Appl. Catal. A 163 (1997) 111–122.
J. Arras et al. / Applied Catalysis A: General 371 (2009) 73–77 77















	
	






	
		
				 


	
 !	"
	
#$$%&#$''(






Einfluss ionischer Flüssigkeiten
mit funktionalisierten Kationen auf
die palladiumkatalysierte Flüssig-
phasenhydrierung von Citral
Jürgen Arras, Dominik Ruppert und Peter Claus*
Herrn Prof. Wladimir Reschetilowski zum 60. Geburtstag gewidmet
Bei der palladiumkatalysierten Flüssigphasenhydrierung von Citral in Anwesenheit ioni-
scher Flüssigkeiten fungieren diese als Modifikatoren in Bezug auf Reaktionsgeschwindig-
keit und Selektivitätsverhalten. Um ihren Einfluss zu untersuchen, wurden 23 ionische
Flüssigkeiten unterschiedlicher Struktur auf ihre Modifikatoreigenschaften in der Citralhy-
drierung an Pd/C näher untersucht. Dabei wirkten nitrilfunktionalisierte ionische Flüssig-
keiten ebenfalls selektivitätsfördernd zu Citronellal wie dicyanamidbasierte.
Schlagwörter: Hydrierung, Ionische Flüssigkeiten, Katalyse
Eingegangen: 31. Juli 2009; revidiert: 07. September 2009; akzeptiert: 05. Oktober 2009
1 Problemstellung
Heterogenkatalysierte Hydrierungen organi-
scher Substrate nehmen in industriellen Pro-
zessen eine Schlüsselrolle ein. Beispielsweise
sind über den a,b-ungesättigten Aldehyd Citral
(3,7-Dimethyloctadien-2,6-al) wertvolle Aroma-
und Duftstoffe durch dessen Flüssigphasen-
hydrierung zugänglich. Aufgrund der drei
Doppelbindungen eignet sich außerdem die
Citralhydrierung zum Studium verschiedener
Katalysatoreigenschaften. So können beispiels-
weise neben der Wahl des Aktivmetalls [1–3]
ggf. auch Zweitmetalle [4], Trägermaterialien
[5] oder Lösungsmittel [6, 7] das Selektivitäts-
muster beeinflussen. Studien zur Citralhydrie-
rung an Palladium/Träger-Kontakten zeigten
die bevorzugte Citronellalbildung mit anschlie-
ßender Folgereaktion zu Dihydrocitronellal als
wesentliche Reaktionsfolge auf (Schema 1)
[1, 8, 9].
Unter anderem wegen ihres vernachlässig-
baren Dampfdruckes werden ionische Flüssig-
keiten (ionic liquids, IL) vermehrt in der
Katalyse eingesetzt [10]. Speziell die SILP-
(supported ionic liquid phase) [11, 12] und
SCILL- (solid catalyst ionic liquid layer]) [13]
Katalyse, bei denen die ionische Flüssigkeit als
dünne Schicht auf ein poröses Trägermaterial
aufgebracht wird, ermöglichen neue Reakti-
onskonzepte, die bereits in der Hydrierung
von Olefinen angewandt wurden [11, 13]. Der
Einsatz ionischer Flüssigkeiten als Lösungs-
mittel in der Palladium/Träger-katalysierten
Citralhydrierung wurde bereits beschrieben
[14, 15], wobei aufgrund der geringeren Was-
serstofflöslichkeit in der ionischen Flüssigkeit
eine Umsatzminderung gegenüber herkömm-
lichen, organischen Lösungsmitteln beobach-
tet wurde. Darüber hinaus können ILs auch
als Stabilisator zur Katalysatorsynthese dienen
[16].
Wir konnten kürzlich zeigen, dass dicyana-
midbasierte, ionische Flüssigkeiten einen
promotierenden Effekt bezüglich der Citronel-
lalselektivität in der Citralhydrierung an Palla-
dium/Träger-Katalysatoren ausüben [17, 18].
Durch Verwendung palladiumhaltiger SCILL-
Katalysatoren gelang die Eintopfsynthese von
Citronellal durch heterogenkatalysierte Hy-
O O O
Citral                                    Citronellal                        Dihydrocitronellal                 3,7-Dimethyloctan-1-ol
H2 OHH2 H2
Schema 1. Reaktionsnetzwerk der Citralhydrierung.
Über den a,b-unge-
sättigten Aldehyd
Citral (3,7-Dimethyl-
octadien-2,6-al) sind
wertvolle Aroma-
und Duftstoffe zu-
gänglich.
Die Citralhydrierung
eignet sich zum Stu-
dium verschiedener
Katalysatoreigen-
schaften.
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drierung ausgehend von Citral, wobei die Fol-
gereaktion zu Dihydrocitronellal vollständig
inhibiert wurde. Unsere Untersuchungen zur
Citralhydrierung beschränkten sich bisher auf
eine geringe Anzahl an ionischen Flüssigkei-
ten [17 – 19], wobei bereits ein deutlicher Ein-
fluss – hervorgerufen durch die Substitution
des Anionentyps ([NTf2]
– vs. [N(CN)2]
–) –
bezüglich der Aktivität und des Selektivitäts-
musters festzustellen war.
Ziel der Studie war es daher, weitere Anio-
nen unterschiedlichen Typs zu untersuchen.
Darüber hinaus sollte durch Verwendung
funktionalisierter ionischer Flüssigkeiten (sog.
task-specific ionic liquids) [20], die funktionelle
Gruppen an der Kationenalkylkette aufweisen,
der Kationeneinfluss näher verstanden wer-
den. Hierzu wurde in einem Parallelreaktor-
system eine Reihe ionischer Flüssigkeiten (ins-
gesamt 23) als Additiv zu katalytisch aktivem
Pd/C in der Flüssigphasenhydrierung von Ci-
tral eingesetzt, wobei bemerkenswerte Selekti-
vitätsveränderungen bezüglich des Referenzex-
periments ohne ionische Flüssigkeit in einem
größeren, herkömmlichen Batchreaktor unter
Aufnahme eines Selektivitäts-Umsatz-Profils
nochmals validiert wurden.
2 Experimentelle Arbeiten
2.1 Verwendete ionische Flüssigkeiten
und Katalysatorpräparation
Neben konventionellen wurden auch funktio-
nalisierte ionische Flüssigkeiten eingesetzt,
die Nitril-, Methoxy- oder Hydroxygruppen in
den Alkylketten des Kations (z. B. Imidazoli-
um-, Pyrrolidinium-, Morpholiniumkationen)
aufweisen (Schema 2). Sämtliche ionische
Flüssigkeiten wurden von Merck bezogen bzw.
zur Verfügung gestellt.
Angelehnt an das für Pd/C–SCILL ausgear-
beitete Herstellverfahren [18] wurden die Kata-
lysatoren über eine incipient-wetness-Impräg-
nierung in Aceton mit ionischer Flüssigkeit
([M(CN)MIM][NTf2], [M(CN)MPL][NTf2] sowie
[M(CN)MMO][NTf2]) präpariert.
2.2 Citralhydrierung im Parallelreaktor-
system
Zur Untersuchung einer breiten Anzahl ioni-
scher Flüssigkeiten stand ein Parallelreakor-
system, bestehend aus fünf einzelnen Edel-
stahlreaktoren (Parr Inst., 50 mL), zur
Verfügung [21]. Alle Reaktoren konnten ein-
zeln über ein EDV-Programm elektrisch ther-
mostatisiert werden, wobei die Reaktions-
gemische magnetisch gerührt wurden. Die
Reaktorbeaufschlagung mit Inert- oder Reak-
tivgas erfolgte sowohl über Nadelventilsteue-
rung als auch über Massendurchflussregler;
letztere erlaubten isobare Reaktionsbedingun-
gen jedes einzelnen Reaktors.
Zur Versuchsdurchführung wurde Pd/C
(Palladium auf Aktivkohle, Aldrich, 30 mg)
und ggf. ionische Flüssigkeit (30 mg) in die
einzelnen Reaktoren vorgelegt und jeweils
mit der Substratlösung (10 mL, cCitral,0 =
1,1 mol L–1 in n-Hexan) überschichtet. Nach
Anschluss der Reaktoren an die Gasversor-
gung wurde dreimal mit Argon (2 MPa) beauf-
schlagt und unter Umgebungsdruck über ein
Temperaturprogramm auf die Reaktions-
temperatur aufgeheizt; der Startpunkt der Re-
aktion wurde durch Wasserstoff-Beaufschla-
gung (2 MPa) festgelegt.
Die nach dem Ausbau entnommenen Reak-
tionsmischungen wurden mittels temperatur-
programmierter Kapillar-Gaschromatographie
(HP 6890, FID-Betrieb) über eine Säule des
Typs Agilent DB-Wax (l = 30 m, di = 0,25 mm,
tf = 0,25 lm) analysiert.
2.3 Citralhydrierung im Batchreaktor
Weiterführende Versuche wurden in einem
Edelstahl-Rührautoklaven (Parr Instr., 300 mL)
durchgeführt, der im Unterschied zum Paral-
lelreaktorsystem eine Probenentnahme wäh-
rend der Reaktion gestattet. Nach Vorlegen des
Katalysators (mKat = 0,2–0,5 g) in den Reaktor
wurde die Hydrierlösung (80 mL n-Hexan,
20 mL Citral (Merck), 5 mL n-Tetradecan als
interner GC-Standard, entspricht 1,1 mol L–1)
zugegeben, die Mischung unter Rühren
(500 rpm) dreimal mit 20 bar Argon inertisiert
NN Me
X
NNBu Me
[M(X)MPL]+                 [M(X)MMO]+                 [M(X)MIM]+
NC CN
N
F3CSO3 O3SCF3
N O CF3S
O
[N(CN)2]
–                      [NTf2]
–                             [OTf]–
N
Me X
N
O
Me X
X = CN, CH2OMe, CH2OH
[BMIM]+
O
Schema 2. Strukturtypen der in dieser Untersuchung ver-
wendeten ionischen Flüssigkeiten.
Zur Untersuchung
einer breiten Anzahl
ionischer Flüssigkei-
ten stand ein Paral-
lelreakorsystem, be-
stehend aus fünf
einzelnen Edelstahl-
reaktoren zur Ver-
fügung.
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und unter Atmosphärendruck auf 323 K auf-
geheizt. Bei Erreichen der Reaktionstempe-
ratur wurde mit Wasserstoff (p(H2) = 2 MPa)
beaufschlagt, was gleichzeitig den Startpunkt
der Reaktion darstellt. Proben der Reaktions-
mischung wurden in periodischen Zeitinter-
vallen entnommen und wie in Abschn. 2.2.
beschrieben mittels Gaschromatographie ana-
lysiert.
3 Ergebnisse und Diskussion
3.1 Citralhydrierung im Parallelreaktor-
system
Der Einsatz des nicht-modifizierten Pd/C-Ka-
talysators in allen Reaktoren zeigte reprodu-
zierbare Ergebnisse und ein Einfluss der Reak-
toren auf Aktivität und Selektivitätsverhalten
ist auszuschließen. So wurde bei einer Be-
triebstemperatur von 323 K und 2 MPa Reak-
tionsdruck ein weites Fortschreiten der Hy-
drierung beobachtet und unter vollständigem
Citralumsatz Dihydrocitronellal bereits als
Hauptprodukt gewonnen. Die Selektivitäten
zu Dihydrocitronellal betrugen im Mittel
(86±4) % sowie für Citronellal (9±6) % (Tab. 1,
Eintrag 1).
Versuche unter Zugabe ionischer Flüssigkei-
ten mit Butylmethylimidazolium-Kation und
variablem Anion wiesen im Vergleich zu Ver-
suchen mit Pd/C eine geringere Dihydrocitro-
nellal-Selektivität auf (SDHC = 0–52 %, Tab. 1,
Einträge 6 bis 2) und damit verbunden
eine Zunahme der Citronellal-Selektivität
(SCAL = 38–98 %, Tab. 1, Einträge 2 bis 6). Mit
Ausnahme von [BMIM][NTf2] ist zudem der
Citralumsatz bei den restlichen ionischen
Flüssigkeiten verringert und es ergibt sich eine
Reihenfolge: [N(CN)2]
– < [OTf ]– < [BF4]
– <
[PF6]
– < [NTf2]
–. Die geringere Aktivität bei Zu-
gabe ionischer Flüssigkeiten geht einher mit
Ergebnissen kinetischer Untersuchungen,
wobei die Anfangsreaktionsgeschwindigkeit
durch ionische Flüssigkeiten herabgesetzt
wird [18]. Weiterhin wird vermutet, dass sich
während der Reaktion ein dünner Film an io-
nischer Flüssigkeit auf dem katalytisch aktiven
Material abscheidet und umsatzmindernd
wirkt [17, 18]. Aufgrund der Umsatzabhängig-
keit der Produktselektivitäten, die einen Ver-
gleich von Selektivitäten bei gleichem Umsatz
erfordert, kann über den Selektivitätswechsel
in Anwesenheit ionischer Flüssigkeiten nur
bedingt auf einen Einfluss von ionischen Flüs-
sigkeiten geschlossen werden. Die hohe Selek-
tivität zu Citronellal von 98 % bei 36 % Citral-
umsatz bestätigt allerdings frühere Resultate
[17, 18].
Durch Substitution der Alkylkette des Kat-
ions [NTf2]
–-basierter ionischer Flüssigkeiten
(task-specific ILs) wurden unterschiedliche Um-
satzgrade sowie Selektivitätsmuster erzielt, wo-
bei die Kationenhauptstruktur (Imidazolium,
Pyrrolidinium, N-Methylmorpholinium) von
geringerer Bedeutung ist und hauptsächlich
durch die Seitengruppe, d. h. –CH2CN,
–(CH2)2OMe, –(CH2)2OH, die Selektivität
beeinflusst wird (Tab. 2). Im Falle von
–(CH2)2OMe und –(CH2)2OH (Tab. 2, Einträge
1 bis 6) befinden sich die Citronellal-Selektivi-
täten im Bereich der für [BMIM][PF6] und
[BMIM][BF4] gefundenen und verändern diese
unwesentlich. Dagegen wird in Anwesenheit
einer Nitrilgruppe (Tab. 2, Einträge 7 bis 9)
und unabhängig vom verwendeten Kationen-
typ die Citronellal-Selektivität selbst bei voll-
ständigem Umsatz beträchtlich auf bis zu
85 % erhöht und lässt unter Einbezug aller
durchgeführten Versuche die Vermutung zu,
dass eine besondere Wechselwirkung zwi-
schen dem Kation und Aktivmetall zu be-
stehen scheint.
In Anwesenheit
einer Nitrilgruppe
und unabhängig
vom verwendeten
Kationentyp wird
die Citronellal-
Selektivität selbst
bei vollständigem
Umsatz beträchtlich
auf bis zu 85 % er-
höht.
Tabelle 1. Selektivitäten der Citralhydrierung mit Butylmethylimidazolium-basierten ([BMIM]+) ionischen
Flüssigkeiten als Additive im Fünffach-Parallelreaktorsystem.
Eintrag IL XCitral / %
a SCAL / %
b SDHC / %
c SISO / %
d SAND / %
e
– 100 16 79 – 5
1 – 100 9 86 – 6
2 [BMIM][NTf2] 100 38 52 – 10
3 [BMIM][PF6] 88 58 24 1 17
4 [BMIM][BF4] 76 61 21 3 15
5 [BMIM][OTf} 48 64 8 10 18
6 [BMIM][N(CN)2] 36 98 – – 2
a Umsätze (X) nach 6 h Reaktionszeit unter folgenden Bedingungen: 30 mg Pd/C, 30 mg ionische Flüssigkeit (IL),
323 K, 2 MPa H2, 1,1 mol L
–1 Citral, VLösung = 10 mL, 960 rpm;
b Selektivität zu Citronellal; c Selektivität zu Dihy-
drocitronellal; d Selektivität zu Isocitral (3,7-Dimethylocta-2,7-dienal); e Selektivität zu Citronellol, 3,7-Dimethyloc-
tan-1-ol und nicht identifizierte Produkte
Ionische Flüssigkeiten 2009Chemie Ingenieur Technik 2009, 81, No. 12
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3.2 Citralhydrierung mit nitrilfunktiona-
lisierten ionischen Flüssigkeiten
Zur Validierung der Ergebnisse mit nitrilfunk-
tionalisierten ionischen Flüssigkeiten diente
ein Batchreaktor mit periodischer Probenent-
nahme, um Selektivitäts-Umsatz-Diagramme
für alle drei nitrilfunktionalisierten Kationen-
varianten aufzunehmen (Abb. 1). Hierbei wur-
den SCILL-Katalysatoren mit einem Massen-
verhältnis IL–Pd/C von 3:2 eingesetzt. Zudem
ist als Referenz der Selektivitäts-Umsatz-Ver-
lauf des Versuchs für nicht-modifiziertes Pd/C
dargestellt [17].
Alle drei ionischen Flüssigkeiten zeigen er-
höhte Selektivitäten zu Citronellal bei einem
Citralumsatz von 90 % (S = 90 % für
[M(CN)MIM]+, S = 84 % für [M(CN)MPL]+
bzw. S = 74 % für [M(CN)MMO]+), wogegen
die Citronellalselektivität beim Versuch ohne
ionische Flüssigkeit lediglich 67 % betrug. Bei
Verwendung von [M(CN)MIM][NTf2] lag die
Citronellal-Selektivität über einen breiten Um-
satzbereich bei teilweise über 90 % und wurde
in unseren bisherigen Studien lediglich mit di-
cyanamidhaltigen ionischen Flüssigkeiten er-
zielt. Außerdem konnte die Ausbeute an Citro-
nellal im Vergleich zum Versuch ohne
ionische Flüssigkeit nach sechs Stunden Reak-
tionszeit auf 86 % gesteigert werden (Tab. 3).
Die Selektivitäts- und Ausbeutesteigerung un-
ter Anwesenheit nitrilfunktionalisierter ioni-
scher Flüssigkeiten steht daher in Analogie
mit dicyanamidbasierten ionischen Flüssigkei-
ten als Promotoren. Hierbei wurde die Verbes-
serung der Citronellalselektivität auf eine
Wechselwirkung zwischen Palladium und
[N(CN)2]
– sowie auf eine Bedeckung der Pd-
Nanopartikel durch ionische Flüssigkeit zu-
rückgeführt [18]. Allerdings wird die Folgehy-
drierung unter den gegebenen Reaktionsbe-
dingungen nicht sonderlich inhibiert, nach
vollständigem Umsatz wird Citronellal umge-
setzt. Es ist jedoch anzumerken, dass mit stei-
gender Masse an verwendeter ionischer Flüs-
sigkeit ebenso die Selektivität zu Citronellal
posititv zu beeinflussen ist [18].
4 Schlussfolgerungen
In einem aus fünf parallelen Batchreaktoren
bestehenden System konnte eine breite Varia-
tion ionischer Flüssigkeiten unterschied-
lichem Kationen- und Anion-Typs als Modifi-
katoren in der Flüssigphasenhydrierung von
Citral an Pd/C-Katalysatoren untersucht wer-
Tabelle 2. Selektivitäten der Citralhydrierung mit funktionalisierten ionischen Flüssigkeiten (task-specific
ILs) als Additive im Fünffach-Parallelreaktorsystem.
Eintrag IL XCitral / %
a SCAL / %
b SDHC / %
c SISO / %
d SAND / %
e
1 [M(CH2OMe)MIM][NTf2] 100 56 32 – 12
2 [M(CH2OMe)MPL][NTf2] 87 62 18 1 19
3 [M(CH2OMe)MMO][NTf2] 81 63 17 2 18
4 [M(CH2OH)MIM][NTf2] 74 61 14 4 21
5 [M(CH2OH)MPL][NTf2] 74 61 13 4 22
6 [M(CH2OH)MMO][NTf2] 77 62 16 3 19
7 [M(CN)MIM][NTf2] 100 85 7 – 8
8 [M(CN)MPL][NTf2] 97 85 7 – 8
9 [M(CN)MMO][NTf2] 100 66 24 – 10
a Umsätze (X) nach 6 h Reaktionszeit unter folgenden Bedingungen: 30 mg Pd/C, 30 mg ionische Flüssigkeit (IL),
323 K, 2 MPa H2, 1,1 mol L
–1 Citral, VLösung = 10 mL, 960 rpm;
b Selektivität zu Citronellal; c Selektivität zu Dihy-
drocitronellal; d Selektivität zu Isocitral (3,7-Dimethylocta-2,7-dienal); eSelektivität zu Citronellol, 3,7-Dimethyloctan-
1-ol und nicht identifizierte Produkte
Abbildung 1. SCitronellal,XCitral-Verläufe von Versuchen mit nitril-
funktionalisierten ionischen Flüssigkeiten als SCILL-Katalysator un-
ter folgenden Bedingungen im Batchautoklaven: 200 mg Pd/C,
300 mg ionische Flüssigkeit, 323 K, 2,0 MPa H2, 1,1 mol L
–1 Citral,
VLösung = 105 mL, 1200 rpm, 6 h; Versuch ohne IL bei 1,1 MPa H2.
Die Selektivitäts-
und Ausbeutestei-
gerung unter Anwe-
senheit nitrilfunk-
tionalisierter ioni-
scher Flüssigkeiten
steht in Analogie
mit dicyanamid-
basierten ionischen
Flüssigkeiten als
Promotoren.
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den, wobei tatsächlich eine Leitstruktur für
eine erhöhte Selektivität zugunsten Citronel-
lals festzustellen ist. Neben dicyanamidbasier-
ten ionischen Flüssigkeiten gestatten auch
nitrilfunktionalisierte Imidazolium- sowie Pyr-
rolidiniumkationen eine vornehmliche Bil-
dung des Citronellals mit Ausbeuten bis zu
85 % bei vollständigem Citralumsatz, die
durch scale-up in einem größeren Batchreak-
tor bestätigt werden konnte. Allerdings konnte
bei quantitativem Citralumsatz die Folgehy-
drierung zu Dihydrocitronellal durch nitril-
funktionalisierte ionische Flüssigkeiten nicht
vollständig inhibiert werden, was auf eine
schwächere Wechselwirkung zwischen Aktiv-
metall und ionischer Flüssigkeit gegenüber
dicyanamidbasierten ionischen Flüssigkeiten
schließen lässt.
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Tabelle 3. Ausbeuten der Citralhydrierung mit nitrilfunktionalisierten ionischen Flüssigkeiten als SCILL-
Katalysator im Batchreaktor.
Eintrag IL XCitral / %
a YCAL / %
b YDHC / %
c YAND / %
d
1 [M(CN)MIM][NTf2] 98 86 5 7
2 [M(CN)MPL][NTf2] 100 79 11 10
3 [M(CN)MMO][NTf2] 100 54 35 11
4 –e 100 41 49 10
a Umsätze (X) nach 6 h Reaktionszeit unter folgenden Bedingungen: 200 mg Pd/C, 300 mg ionische Flüssigkeit,
323 K, 2,0 MPa H2, 1,1 mol L
–1 Citral, VLösung = 105 mL, 1200 rpm, 6 h;
b Ausbeute zu Citronellal; c Ausbeute zu
Dihydrocitronellal; d Ausbeute zu Citronellol, 3,7-Dimethyloctan-1-ol und nicht identifizierte Produkte; e Referenz-
versuch bei 1,1 MPa H2 (siehe Lit. [17])
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How a Supported Metal Is Inﬂuenced by an Ionic Liquid: In-Depth Characterization of
SCILL-Type Palladium Catalysts and Their Hydrogen Adsorption
Ju¨rgen Arras,† Elisabeth Paki,† Christina Roth,‡ Jo¨rg Radnik,§ Martin Lucas,† and
Peter Claus*,†
Ernst-Berl Institute, Chemical Technology II, Department of Chemistry, Technische UniVersita¨t Darmstadt,
Petersenstrasse 20, 64287 Darmstadt, Germany, Renewable Energies, Institute for Materials Science,
Technische UniVersita¨t Darmstadt, Petersenstrasse 23, 64287 Darmstadt, Germany, and Leibniz Institute for
Catalysis, Albert-Einstein-Strasse 29a, 18059 Rostock, Germany
ReceiVed: February 23, 2010; ReVised Manuscript ReceiVed: April 13, 2010
A novel approach to tremendously inﬂuence the gas adsorption behavior of heterogeneous metal catalysts
consists of adding a small quantity of an ionic liquid during the catalyst synthesis yielding a supported catalyst
with an ionic liquid layer (SCILL). Herein, SCILL-type catalysts derived from silica-supported palladium
were characterized by means of ICP-OES, TPR, X-ray absorption spectroscopy (XANES/EXAFS), X-ray
photoelectron spectroscopy (XPS), hydrogen pulse chemisorption, and differential scanning hydrogen adsorption
calorimetry. EXAFS analysis of SCILL-type palladium catalysts did not indicate signiﬁcant changes in the
bulk properties of Pd compared to untreated Pd/SiO2, the results are in good agreement with metallic Pd.
XPS analysis revealed a more oxidized Pd surface if Pd/SiO2 was treated with ionic liquids. In the case of
[BMIM][N(CN)2], Pd(II) species were present in part indicating a complexation of palladium by [N(CN)2]-.
Hydrogen uptakes determined by pulse chemisorption varied between 38 and 609 µmol gPd-1 depending on
the chosen IL, IL content, and temperature and were decreased in comparison to Pd/SiO2 without IL. The
initial heats of hydrogen adsorption were also affected in the presence of ionic liquids and were lowered
compared to those of the untreated Pd/SiO2. Mechanisms showing how the ionic liquids interact with the
active palladium site are proposed and might be in summary interpreted as a ligand effect by the ionic liquid
similar to the inﬂuence of second metals in bimetallic catalysts.
1. Introduction
Over the past years, ionic liquids were applied as catalysts
in different manner,1-5 e.g. as support ionic liquid phase (SILP)
catalyst6-8 or as solid catalyst with ionic liquid layer (SCILL).9
In both concepts, the IL was immobilized on a porous solid. In
a similar fashion, IL-coated palladium catalysts were introduced
for citral hydrogenation.10
Recently, we could show that applying dicyanamide-based
ionic liquids11 improves the selectivity toward citronellal (3,7-
dimethylocten-6-al) in citral (3,7-dimethyloctadien-2,6-al)
hydrogenation.12,13 At optimized reaction conditions and full
citral conversion in a batch reactor, a quantitative yield of
citronellal was obtained on palladium SCILL catalysts, whereas
the respective IL-free catalyst gave only 41% citronellal yield.12
By using citronellal as reactant, the hydrogenation toward the
consecutive product was inhibited on dicyanamide-based SCILL-
Pd catalysts.12 Moreover, the selectivity toward citronellal
depends on the chosen amount of dicyanamide-based ionic
liquid, as runs on catalysts with decreased IL loading resulted
in citronellal selectivities lower than 99%.12,13 CO chemisorption
of the chosen catalysts showed a decreased uptake in the
presence of the ionic liquid indicating a coverage of palladium
by the ionic liquid.13 Furthermore, nitrogen physisorption
revealed a decrease in BET surface area assuming a deposition
of the IL as thin layer.12-14
Studies on IL-coated platinum catalysts for ethylene hydro-
genation were performed including IR, NMR, and X-ray
adsorption spectroscopy.15 It was suggested that the IL prevents
metal particles from oxidation.15
However, it is not fully understood how the ionic liquid
interacts with the catalytic active palladium to explain its
promoting effect in citral hydrogenation. Furthermore, the
adsorption of reactants like hydrogen might play an evident role
in selective hydrogenation. Adsorption studies on IL-coated
supported metal catalysts are unknown. It is generally assumed
that the solubility of hydrogen in ionic liquids is lower than
that in organic solvents,16,17 possibly affecting the activity of
Pd/C catalysts in citral hydrogenation with ILs as bulk solvents.18
The aim of this study was to investigate;for the ﬁrst
time;the inﬂuence of various ionic liquids (Figure 1) as liquid
layer onto supported palladium catalysts on the adsorption of
hydrogen, which was determined by conventional catalyst
characterization methods19-27 like pulse chemisorption of hy-
drogen and differential scanning calorimetry. Temperature-
programmed techniques, ICP-OES, X-ray photoelectron spec-
troscopy, and X-ray absorption spectroscopy were used to
elucidate several properties of IL-free and IL-coated supported
palladium catalysts. Besides the ionic liquids already used as
additive for supported palladium catalysts on the basis of
[NTf2]- or [N(CN)2]-,12,13,28 also the chemisorption behavior
of hydrogen on Pd/SiO2 coated with ILs based on the am-
monium cation or acetate anion was studied.
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2. Experimental Section
2.1. Preparation of Ionic Liquid-Coated Materials. The
IL-free catalyst Pd/SiO2 was prepared by using an incipient-
wetness technique with palladium(II) acetate as precursor
followed by drying and hydrogen reduction at 373 K, which is
described in detail elsewhere.12,13 According to results obtained
by TPR (section 3.2) the material was reduced in a ﬂow of
hydrogen (187 mL min-1) to 623 K ( ) 10 K min-1, 1 h
isotherm).
Then, Pd/SiO2 was split into several fractions and coated with
various ionic liquids (e.g., [BMIM][N(CN)2], [BMIM][NTf2];
Figure 1) at different weight percentage, according to a known
incipient-wetness technique.12,13
2.2. ICP-OES. For determining the palladium content of the
materials, ICP-OES was carried out on a Spectro Modula. Prior
to analysis, the samples were diluted under microwave heating
in a mixture of aqua regia/HF (1:1 v/v).
2.3. Temperature-Programmed Reduction and Pulse
Chemisorption. Temperature-programmed reduction and de-
sorption (TPR/D) and pulse adsorption measurements were
carried out on a TPDRO 1100 (Porotec/Thermo Electron)
equipped with quartz reactors and thermal conductivity detector
(TCD) allowing in situ/oxygen-free reductive and desorptive
treatment of catalysts (with Tmax ) 1373 K) prior to analysis.
Besides argon (99.999%, Linde) as purge gas, hydrogen
(99.999%, Linde) was used as sorptive and a hydrogen/argon
mixture (4.95% v/v H2) as reductive gas, respectively.
In a typical experiment, the reactor was loaded with the
sample (80-300 mg), closed, and connected to the gas supply
and the detector. Through a temperature-controlled oven, the
sample was heated ( ) 10 K min-1) to the desired temperature
(323-673 K) with either hydrogen/argon (TPR, 20 mL min-1)
or argon (TPD, 20 mL min-1).
Then, pulse hydrogen adsorption was conducted in a ﬂow of
argon (20 mL min-1) at isothermal conditions (323-373 K),
whereby several pulses of hydrogen (Vloop ) 450 µL corre-
sponding to nH2(STP) ) 20.1 µmol, ∆t ) 8-10 min) were
released onto the sample. All samples were prereduced and
predesorbed in situ under the same conditions (heated to 423
K with 10 K min-1, 60 min hold, 20 mL min-1 H2, and Ar,
respectively). Due to the different palladium contents of the
materials, higher masses had to be introduced for the measure-
ment on IL-coated Pd/SiO2 to ensure a constant palladium mass
(∼4 mg). The ﬁrst chemisorption was carried out at 323 K,
which is the reaction temperature for citral hydrogenation,12,13
then after a further desorption step, a second pulse adsorption
was carried out at 373 K. Typically for both cases, the ﬁrst two
pulses were necessary to ensure full adsorption. An average peak
area could be obtained for the determination of the hydrogen
uptake within an experimental error of 0.4%. Ambient temper-
ature and pressure were recorded for normalization of the
concentration of the hydrogen pulses.
To avoid a decomposition of the ionic liquids during a TP
experiment on ionic liquid coated materials, as was recently
found by combustion calorimetry on [BMIM][N(CN)2]29 and
differential scanning calorimetry on [BMIM][N(CN)2] with Ru/
Al2O3,30 all samples were heated to a maximum temperature of
423 K to exclude effects through different pretreatment.
2.4. X-ray Absorption Spectroscopy. For the structural
characterization of the catalysts, X-ray absorption spectroscopy
(XANES and EXAFS) was carried out at the large scale
synchrotron facility Hasylab at Deutsches Elektronen-Synchro-
tron (Desy), Hamburg. At beamline X1, the X-ray absorption
spectra of the Pd K edge (24.35 keV) were recorded at an energy
of 4.44 GeV and a positron beam current of at least 108 mA.
Using a Pd metal foil as a reference, the experiments were
conducted in transmission mode within an energy range from
24.2 to 25.4 keV. Avoiding higher harmonics present in the
X-ray beam, a Si(311) double-crystal monochromator was
applied and tuned to 50% intensity. Intensities of the incident
and transmitted beam, respectively, were detected by three gas-
ﬁlled ion chambers in series.
The program package WinXAS31 was applied for qualivative
comparisons of the XANES region only, whereas the XDAP
code developed by Vaarkamp et al.32 was used to extract the
EXAFS data from the recorded raw data. A modiﬁed Victoreen
curve was used to subtract the pre-edge and normalization
obtained by dividing the absorption spectrum by the height of
the absorption edge at 50 eV above the edge.33,34 The back-
ground of the spectrum was ﬁtted by a spline function deﬁned
by
whereas SM represents a smoothing parameter. The ﬁnal data
presented in this paper were determined by a multiple shell
R-space ﬁt with k1 weighting, ∆k ) 3-14 Å-1 and ∆R )
1.4-3.2 Å-1. Backscattering amplitudes and theoretical phase
shifts for the Pd-Pd and Pd-O absorber-scattering pairs were
utilized in EXAFS data analysis,35 and generated applying the
FEFF7 code.33
The samples were prepared by diluting the respective amount
of catalyst in polyethylene powder, which is required for a
calculated absorbance of ∼1.5, and pressing it into dense pellets.
These were then placed in a multiple sample holder and several
spectra were collected at ambient conditions with a duration of
approximately 45 min each and summed up to improve the
spectra quality.
As a ﬁrst step, the near-edge region of the data was analyzed
qualitatively and compared with data from the literature. Then,
an EXAFS analysis was performed ﬁtting the Fourier-
Figure 1. Applied cation and anion types for ionic liquids used in
this study, Abbreviations of the chosen ionic liquids and their IUPAC
names: [BMIM][N(CN)2]) 1-butyl-3-methylimidazoliumdicyanamide,
[BMIM][NTf2] ) 1-butyl-3-methylimidazolium-bis(triﬂuoromethane-
sulfonyl)amide, [BMPL][N(CN)2] ) 1-butyl-1-methylpyrrolidinium-
dicyanamide, [B3MPYR][N(CN)2] ) 1-butyl-3-methylpyridiniumdi-
cyanamide, [BMPL][NTf2] ) 1-butyl-1-methylpyrrolidinium-bis-
(triﬂuoromethanesulfonyl)amide, [M(CN)MIM][NTf2] ) 1-cyanome-
thyl-3-methylimidazolium-bis(triﬂuoromethanesulfonyl)amide, [N8,8,8,1]-
[NTf2] ) methyltrioctylammonium-bis(triﬂuoromethanesulfonyl)amide,
and [EMIM][OAc] ) 1-ethyl-3-methylimidazoliumacetate.
∑
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transformed spectrum to a reasonable model, using the XDAP
software package.
2.5. X-ray Photoelectron Spectroscopy. To determine the
oxidation state of silica-supported palladium in the presence of
an ionic liquid, X-ray photoelectron spectra (XPS) were
measured at a VG ESCALAB 220 iXL with a Mg KR radiation
source under ambient conditions. The C 1s-peak at 284.8 eV
was used to reference the binding energy. After subtraction of
satellite and background, the peaks were ﬁtted with Gaussian-
Lorentzian curves, whereby their positions could be determined
with a precision of (0.1 eV. The quantitative compositions of
the investigated catalysts were elucidated from the peak areas,
which were divided by the transmission function of the
spectrometer and element speciﬁc Scoﬁeld factors.
2.6. Differential Scanning Calorimetry. Calorimetric ex-
periments were carried out on a differential Tian-Calvet-type
scanning calorimeter (DSC 111, Setaram), using hydrogen
(99.999%, Linde) as adsorptive and argon (99.999%, Linde) as
carrier gas, the latter one being dried and passed through an
oxygen trap (BTS catalyst, Merck) and molecular sieve (4 Å,
Merck) prior to use. The calorimetry block consists of a
thermocouple unit measuring the temperature and heat ﬂow,
respectively, and is cooled by a thermostat (Lauda RC 6).
Several mass ﬂow controllers are attached to modify the
composition of adsorptive and carrier gas. Using a six-port valve,
pulses (Vloop ) 63.3 µL) were injected into the reactor.
The catalyst (80-100 mg) was loaded into a quartz reactor
that was put into the notch of the calorimeter. A secondary
reactor without any material in a further notch was utilized as
a reference. Prior to investigation, the catalysts were reduced
in situ (423 K, 60 min, 11.7 mL min-1 H2, 17.6 mL min-1 Ar)
and desorbed (423 K, 60 min, 17.6 mL min-1 Ar).
Depending on the hydrogen uptake determined by chemi-
sorption, the amount of hydrogen per pulse at the calorimetry
experiment was set to 0.1 µmol for Pd/SiO2-[BMIM][N(CN)2],
0.36 µmol for Pd/SiO2-[BMIM][NTf2], and 1.3 µmol for Pd/
SiO2, respectively. All adsorption studies were performed at a
temperature of 323 K and a pulse interval of 45 min ensuring
a complete removal of not adsorbed hydrogen as revealed by
mass spectrometry (Pfeiffer Vacuum).
3. Results
3.1. Temperature-Programmed Reduction. The results of
the TPR on Pd/SiO2 are shown in Figure 2, whereby signal
intensity of both the apparatus (TCD) and mass spectrometer
(MS for hydrogen at m/z 2) changes similarly with increasing
temperature. A maximum of hydrogen release is detected at 328
K, and a maximum of hydrogen uptake in the range between
582 and 596 K, respectively. The hydrogen release at lower
temperature is also present if the sample was reduced and
desorbed prior to analysis indicating a hydrogen uptake by the
catalyst near room temperature; other peaks were not detected.
3.2. X-ray Absorption Spectroscopy. A qualitative com-
parison of the XANES regions of all samples is given in Figure
3. The spectra show similar behavior independent of the catalyst
examined. Also the Fourier-transformed EXAFS (Figure 4) of
all samples show also the same characteristic appearance
indicative of metallic palladium. The Fourier transforms of all
samples (Figure 4) were ﬁtted with XDAP and the results for
the coordination numbers (CN), nearest neighbor distances (R),
and 2 are listed in Table 1. The Pd-Pd contribution is dominant
in all samples, but a small Pd-O contribution is required in all
cases in order to obtain a good ﬁt. The metallic character of
palladium for all samples is also revealed by a consistent Pd-Pd
distance of 2.74 Å. By impregnation with ionic liquids the
Pd-Pd coordination number decreases from 9.5 to 7.7 for
dicyanamide and to 8.2 for [NTf2]- based ionic liquids,
Figure 2. TCD signal of the TPR (20 mL min-1 4.95% v/v H2 in Ar,
10 K min-1) versus temperature of Pd/SiO2 (303 mg, black line) and
the corresponding MS signal of hydrogen (m/z 2, light gray line).
Figure 3. Pd K edge X-ray absorption spectrum for three catalysts:
black line, Pd/SiO2; dark gray line, Pd/SiO2-[BMIM][N(CN)2]; and light
gray line, Pd/SiO2-[BMIM][NTf2].
Figure 4. Fourier transforms of k3 weighted EXAFS data: black line,
Pd/SiO2; dark gray line, Pd/SiO2-[BMIM][N(CN)2]; and light gray line,
Pd/SiO2-[BMIM][NTf2].
TABLE 1: XAS Results of IL Coated Pd/SiO2 Catalystsa
entry IL CNPd-Pd
RPd-Pd
[Å] CNPd-O
RPd-O
[Å] 2 gof
1 9.5 2.74 1.3 2.17 33
2 [BMIM][N(CN)2] 7.7 2.74 0.8 2.20 28
3 [BMIM][NTf2] 8.2 2.73 1.1 2.20 29
a Errors: for CN ((10%), for R ((0.02 Å).
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respectively. Pd-O contributions are less pronounced with
coordination numbers of 1.3 for the unmodiﬁed catalyst and
even less for the ionic liquid-modiﬁed catalysts. The Pd-O
distance, however, is slightly increased in the presence of an
ionic liquid from 2.17 to 2.20 Å.
3.3. X-ray Photoelectron Spectroscopy. Table 2 sum-
marizes the Pd 3d binding energies of the silica-supported
palladium catalyst coated by various amounts of [BMIM]-
[N(CN)2] and [BMIM][NTf2], respectively. For the untreated
catalyst without any ionic liquid, the Pd 3d5/2 binding energy
was solely around 335 eV typically for metallic Pd. Additional
states with increased binding energy for Pd 3d5/2 (336-338 eV)
were present if ionic liquids were used as modiﬁer, whereby
[BMIM][N(CN)2] gave higher values than [BMIM][NTf2]
(Figure 5). Increasing the content of the applied ionic liquid,
the states with higher binding energies became more pronounced.
The chosen ionic liquids contain nitrogen in both cation and
anion, and the corresponding binding energies are also listed
in Table 2, whereby in the case of [BMIM][N(CN)2] three states
for nitrogen could be determined in contrast to [BMIM][NTf2].
3.4. Pulse Hydrogen Chemisorption. The determined hy-
drogen uptakes of Pd/SiO2 and several ionic liquid-coated Pd/
SiO2 materials are given in Table 3. For better comparison, they
were correlated to the palladium content of the materials varying
in a range between 2.5 and 5 wt %. For both chosen
temperatures (323 and 373 K), the IL-free Pd/SiO2 shows the
highest uptake of ∼1000 µmolH2 gPd-1. This yields a dispersion
of 0.21 and an average palladium diameter of ∼5 nm.
In the presence of ionic liquids the uptake is decreased,
whereby for samples with [BMIM][N(CN)2] a lower hydrogen
adsorption was detected than for [BMIM][NTf2]. With increas-
ing content of [BMIM][N(CN)2] (entries 2 to 4), hydrogen
adsorption was lowered and in contrast, [BMIM][NTf2]-coated
materials showed a reverse behavior (entries 5 to 7), the highest
uptake was achieved with lower IL content.
Beside imidazolium-based ionic liquids, also other cations
and anions were examined in pulse hydrogen adsorption,
whereas the trends for dicyanamide and [NTf2]- based ionic
liquids could be conﬁrmed. For [BMPL][N(CN)2] and
[B3MPYR][N(CN)2] (entries 8 to 10) the hydrogen uptake was
higher than that for [BMIM][N(CN)2] increasing with temper-
ature. A mass variation on [BMPL][N(CN)2] revealed also a
lower uptake for 49 wt % than for 33 wt % underlining the
results obtained by [BMIM][N(CN)2].
With [BMPL][NTf2] as coating agent the hydrogen uptake
was in the range of [BMIM][NTf2], whereas the cyano group
containing [M(CN)MIM][NTf2] revealed the highest uptake (609
µmol gPd-1 at 373 K) of all examined catalysts with ionic liquids.
By applying the ammonium-based IL [N8,8,8,1][NTf2], the uptake
of hydrogen is strongly temperature-dependent, at 323 K giving
572 µmol gPd-1 and at 373 K 279 µmol gPd-1, respectively. A
hydrogen uptake in the range of dicyanamide-based ionic liquids
showed [EMIM][OAc] increasing from 323 to 373 K with 74
and 110 µmol gPd-1, respectively.
It should be noted that silica, [BMIM][N(CN)2]/SiO2, and
the quartz wool, the latter one is needed to ﬁt the sample in the
reactor, exposed no hydrogen uptake for both temperatures.
3.5. Differential Scanning Calorimetry. In Figure 6, the
heats of adsorption are illustrated dependent on the surface
coverage of hydrogen. The latter one was calculated from the
determined hydrogen uptake, which varied for Pd/SiO2 and its
IL-coated catalysts. As expected, Pd/SiO2 exhibited heats of
adsorption decreasing from initially ∼163 to 18 kJ mol-1 for
full surface coverage. In contrast with ionic liquids as coating,
the proﬁles are lower and range at full surface coverage between
91 and 45 kJ mol-1 for [BMIM][N(CN)2], and 68 and 24 kJ
mol-1 for [BMIM][N(CN)2], respectively. All materials revealed
heats of adsorption for a hydrogen content larger than 1.
TABLE 2: Pd 3d5/2 and N 1s Binding Energies of Various
IL-Coated Pd/SiO2 Catalysts Determined by XPS
entry IL
wIL
[%]
Pd d5/2
[eV] area
N 1s
[eV] area
1 without IL 334.9 1
2 [BMIM][NTf2] 33 335.3 0.962 399.2 0.477
337.2 0.038 401.0 0.523
3 [BMIM][NTf2] 50 334.9 0.392 399.2 0.410
335.8 0.608 401.6 0.590
4 [BMIM][N(CN)2] 33 334.8 0.556 397.9 0.238
336.3 0.176 399.3 0.335
338.4 0.268 401.5 0.427
5 [BMIM][N(CN)2] 50 335.1 0.442 398.3 0.274
338.7 0.558 399.4 0.380
401.9 0.346
Figure 5. XP spectra of the Pd 3d electrons after background
subtraction of Pd/SiO2 with and without ionic liquids (50 wt % IL).
Three different components were observed: light gray, metallic Pd;
gray, partially oxidized Pd; and dark gray, Pd cations. For data see
Table 2.
TABLE 3: Hydrogen Uptakes of Pd/SiO2 (entry 1) and
Pd/SiO2-SCILL Materials (entries 2 to 14) after Reductive
Pretreatment Corresponding to H/Pd ) 0.21 and a Diameter
of ∼5 nm
hydrogen uptakes
[µmol gPd-1]
entry IL
wIL
[wt %] m [mg]
T1 )
323 K
T2 )
373 K
1 83 1023 990
2 [BMIM][N(CN)2] 8 88 124 167
3 [BMIM][N(CN)2] 32 121 41 71
4 [BMIM][N(CN)2] 49 161 38 74
5 [BMIM][NTf2] 8 88 310 262
6 [BMIM][NTf2] 32 121 424 357
7 [BMIM][NTf2] 49 161 393 374
8 [BMPL][N(CN)2] 33 121 148 164
9 [BMPL][N(CN)2] 49 150 121 186
10 [B3MPYR][N(CN)2] 34 120 160 128
11 [BMPL][NTf2] 33 118 353 270
12 [M(CN)MIM][NTf2] 33 119 480 609
13 [N8,8,8,1][NTf2] 33 118 572 279
14 [EMIM][OAc] 33 117 74 110
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4. Discussion
As revealed by ICP-OES, the preparation method gives
reproducible contents of metal and ionic liquids. The behavior
of Pd/SiO2 without an IL during TPR, where a hydrogen release
is recorded at the start of reduction, is in agreement with
previous ﬁndings attributing the hydrogen release at ca. 328 K
to a decomposition of the Pd  hydride phase.24 At the applied
conditions with hydrogen partial pressures of about 5 kPa, Pd
 hydride will be formed even at room temperature as already
mentioned in the literature.36,37 Furthermore, at 373 kPa, the
partial pressure limit for Pd  hydride is increased to 46 kPa,
which is above our applied hydrogen partial pressure. In
previous pulse hydrogen chemisorption studies on a Pd/CeO2
catalyst it was found that the hydrogen uptake does not depend
on the choice of adsorption temperature between 343 and 373
K.38 Under the applied conditions, formation of Pd  hydride
was avoided.38 In our study, the hydrogen uptake of Pd/SiO2 is
decreased (Table 3, ∆ ) 33 µmol gPd-1) as the adsorption
temperature is increased from 323 K, the reaction temperature
for citral hydrogenation,12-14 to 373 K. Thus, it is assumed that
for both temperatures, the hydrogen absorption is negligible and
hydrogen uptake should be considered primarily as hydrogen
adsorption onto palladium.
The results of the XAS investigation suggest that treatment
of Pd/SiO2 with ionic liquids does not affect the electronic state
of palladium due to the constant Pd-Pd distance of 2.74 Å.
The Pd-Pd coordination number of 9.5 for Pd/SiO2 corresponds
well with previous results on Pd/Al2O3 by several groups.39,40
Whereas Boudart et al.39 correlate the coordination number of
9.5 to a Pd dispersion of ∼0.2 due to an experimental error for
EXAFS of (20%, MacCaulley40 assigned the same value to a
Pd dispersion of ∼0.45. Transferred to our study, the results
for Pd/SiO2 by EXAFS are therefore in agreement with the
measured dispersion of 0.21 by chemisorption, if an uncertainty
of(20% is estimated. However, determining particle sizes from
EXAFS for average coordination numbers approaching 12 is
rather poor.
It is assumed that the decrease in Pd-Pd coordination through
impregnation with ionic liquids is caused by their deposition
onto the palladium surface possibly leading to a stabilization
of the Pd dispersion. Either with or without ionic liquids, the
relatively low Pd-O contribution with comparatively high R
values (RPd-O ≈ 2.20 Å vs 2.0 Å40,41) should be ascribed to an
interaction between palladium and the silica support rather than
a surface oxidation of the Pd nanoparticles, which should show
lower bond lengths. The increase of Pd-O distance in the
presence of ionic liquids may be interpreted as a partial removal
of palladium from the support into the ionic liquid layer, since
ionic liquids are able to stabilize palladium nanoparticles
forming colloidal solutions.42-45 According to the less pro-
nounced coordination number of Pd-O contribution as it was
already found for Pd in [BMIM][PF6],43 the ionic liquid could
also prevent the palladium particles from oxidation, as was found
for IL-coated Pt/SiO2 recently.15
However, adding ionic liquids onto Pd/SiO2 modiﬁes the
chemical state of surface palladium, as determined by XPS
measurements, which is a surface-sensitive method in contrast
to XAS. In general, the observed binding energies of 335 eV
in all investigated catalysts should be addressed to metallic Pd
known from other studies dealing with ionic liquids in combina-
tion with Pd.46-50 The additional states with increased Pd binding
energies between 336 and 337 eV for both [BMIM][NTf2] and
[BMIM][N(CN)2] treatment should be assigned to a partially
oxidized Pd species. In the case of [BMIM][N(CN)2] the state
appearing at 338 eV should be addressed to cationic Pd that
undergoes complexation with [N(CN)2]- as ligand and corre-
sponds to previous ﬁndings by us, whereby during IR spec-
troscopy the nitrile vibrations of [BMIM][N(CN)2] were shifted
toward higher wavenumbers if Pd was present.13
By coating Pd/SiO2 with ionic liquids, the hydrogen uptake
was decreased remarkably, which could be attributed in general
to the low hydrogen solubility in ionic liquids in comparison
to organic solvents.17 The lower hydrogen uptake may also imply
a decrease in Pd dispersion via IL treatment, which could be
excluded by the XAS results as the coordination number of the
IL-coated samples in comparison to Pd/SiO2 is not enhanced.
From physisorption experiments, a decrease in pore volume was
determined and it was assumed that the ionic liquid covers the
palladium nanoparticles.12-14 Furthermore, the decrease in
hydrogen uptake corresponds to our results of CO chemisorp-
tion, whereas a decrease in CO uptake for Pd/SiO2-
[BMIM][N(CN)2] was also observed.13
Considering the chemisorption results of IL-coated Pd/SiO2
in detail, the anion of the ionic liquids dominates the adsorbed
amount of hydrogen in contrast to the cation, whereby [NTf2]-
based ionic liquids gave higher uptakes than [N(CN)2]- or
[OAc]-. This observation corresponds well with investigations
of Laurenczy et al.,51 where [B3MPYR][N(CN)2] showed a
decreased CO solubility by a factor of ∼3 compared to
[BMIM][NTf2] and [BMPL][NTf2], respectively. A modiﬁcation
of hydrogen uptake by varying the cation is less pronounced.
By increasing the ionic liquid content, the hydrogen uptakes
decreased for [BMIM][NTf2], [BMIM][NTf2], and [BMIM]-
[N(CN)2], respectively. This supports the assumption that the
lower hydrogen solubility in ILs, which is a function of mass,
diminishes the accessibility of hydrogen onto palladium.
Furthermore, the IL layer also may be enlarged by the introduced
IL mass.
Besides the hydrogen uptake, also the heats of hydrogen
adsorption were altered if an ionic liquid layer was present. For
the untreated Pd/SiO2 catalyst, the adsorption heat of ∼130 kJ
mol-1 at 0.5 monolayers corresponds to previous ﬁndings,
whereas 120 kJ mol-1 for Pd/SiO226 and 110 kJ mol-1 for Pd/
Al2O352 were reported with a differential scanning calorimeter.
The general trend whereas [N(CN)2]- shows a lower H2
adsorption than [NTf2]- is also substantiated in the heats of
adsorption (IL-free > [BMIM][NTf2] > [BMIM][N(CN)2]).
Assuming a constant dispersion of the catalysts that was shown
Figure 6. Heats of hydrogen adsorption for various catalysts at 323
K with the following applied amounts of hydrogen per pulse: 0.1 µmol
for Pd/SiO2-[BMIM][N(CN)2], 0.36 µmol for Pd/SiO2-[BMIM][NTf2],
and 1.3 µmol for Pd/SiO2. For further conditions see section 2.4.
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by EXAFS, the decreased heat of adsorption should be
interpreted as a weaker bonding of hydrogen in the presence of
ionic liquids as the adsorptive competes with the IL at the
palladium surface sites.
To the best of our knowledge, this is the ﬁrst calorimetric
study on IL-coated catalysts, and an interpretation of the
phenomena, especially the interaction between palladium and
ionic liquid, could be related to effects known in bimetallic
catalysis.53 Hereby, the addition of a second metal onto a
supported metal catalyst may lead to structural changes in the
nature of the active metal particle and a well-known example
is the doping of platinum with tin that may control the activity
and selectivity behavior of the catalyst.54 Two different phe-
nomena were disussed and held responsible for that: namely
an ensemble or a ligand effect. For the former one, a constant
heat of adsorption was determined by tin or indium doping onto
platinum catalysts,54 i.e. the primary metal was not affected by
the second metal. In the case of a ligand effect, the heats of
adsorption are strongly decreased by introduction of a second
metal.56 Furthermore, it is assumed that the second metal acts
as a charge donor/acceptor modifying the electronic structure
of the primary metal and thus55 the adsorption process as it was
found for bimetallic Rh-Sn/SiO2 catalysts.56 Hereby, Qads,H2
values were lowered from 65 to 15 kJ mol-1 in the presence of
tin and it was concluded that the resulting weaker Rh-H bond
affects a higher selectivity toward crotyl alcohol in crotonal-
dehyde hydrogenation.
In addition, it is known that nitrile-functionalized ionic liquids
complex atomic Pd.44 Transferred to our ﬁndings by XPS and
in accordance with IR spectroscopic measurements, whereas a
modiﬁcation of Pd was observed in presence of [BMIM]-
[N(CN)2],13 a coordination between ionic liquid and Pd may
also contribute to a lower accessibility of hydrogen toward the
palladium surface sites, which is manifested in the decreased
hydrogen adsorption and its respective heat compared to Pd/
SiO2 without an ionic liquid at all. The aspect of a proposed
ligand effect of dicyanamide onto palladium in our study is
supported by previous ﬁndings dealing with Pd(II) complexes
in homogeneously catalyzed hydrogenation of unsaturated
compounds.57 The catalytic activity was shown for divalent
[PdCl2(PPh3)2] in the hydrogenation of 1,5-cyclooctadiene
leading to high yields of the primary product cyclooctene
without further reaction toward the fully saturated cyclooctane.58
Treatment of such complexes with oxygen had also a positive
effect on activity for hydrogenation of butadiene59 and R,-
unsaturated aldehydes like prenal or cinnamaldehyde.60
5. Conclusions
Various ionic liquid-coated Pd/SiO2 catalysts have been
investigated by chemisorption and calorimetry in order to
identify the role of hydrogen. Generally, hydrogen uptakes and
integral heats of adsorption are decreased when an ionic liquid
is present compared to untreated Pd/SiO2. The change in the
hydrogen adsorption properties caused by the ionic liquid
resembles a ligand effect already known for bimetallic catalysts
and is supported by XPS studies revealing the coverage of the
Pd surface by ionic liquids. Especially for [BMIM][N(CN)2] a
Pd(II) species interacting with [N(CN)2]- is dominant, possibly
lowering the accessibility of hydrogen on the Pd surface. Further
characterization by bulk methods like XAS, TPR, and ICP-OES
expected no inﬂuence of ionic liquids on the palladium
dispersion that may affect hydrogen uptake and adsorption
strength. Therefore, we conclude that the ionic liquid is able to
modify the active sites facilitating limited reactant diffusion to
the active sites which may affect the selectivity comparable to
egg-shell-type catalysts. Thus, modiﬁcation of supported metal
catalysts by ionic liquids results in a novel class of solid catalysts
on the frontier between homogeneous and heterogeneous
catalysis.
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